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A MODEL OF GROWTH AND GROWTH CONTROL 
IN MATHEMATICAL TERMS 


By PAUL WEISS anp J. LEE KAVANAU 
(From The Rockefeller Institute for Medical Research) 


(Received for publication, March 8, 1957) 
ABSTRACT 


A practicable model of the growth process, which gives better definition to the 
problem of growth and growth regulation and greater precision to related experi- 
mental work than do earlier models, is developed on the basis of the following as- 
sumptions: “Growth” is the net balance of mass produced and retained over mass 
destroyed and otherwise lost, implying continual metabolic degradation and replace- 
ment. Terminal size represents stationary equilibrium between incremental and 
decremental components. The mass of an organic system consists of two function- 
ally different components,—generative and differentiated. Generative mass in- 
creases by the catalytic action of key compounds (‘‘templates”) characteristic of 
each cell type. Each cell also produces specific freely diffusible compounds antago- 
nistic to these templates (“antitemplates”). Growth regulation occurs automatically 
by a negative “feedback” in which increasing numbers of antitemplates progressively 
block the corresponding templates. 

Differential equations expressing these interrelationships are formulated, inte- 
grated, and the solutions evaluated for the case of chick growth. These specific solu- 
tions lead to descriptions of the normal growth of a biological system which are in 
good agreement with known facts, and to predictions of the course of automatic 
growth regulations after experimental or pathological disturbances which reproduce 
adequately biological observations in this domain. 


INTRODUCTION 


To gain deeper insight into the process of organic growth, both the factual 
approach and the method of mathematical analysis have been used repeatedly 
in the past. The present paper is a renewed effort to use both approaches in 
conjunction. Starting from empirical data, the senior author (P. W.) has in 
recent years introduced a theory of growth, based on a negative feedback 
mechanism of self-regulation, which can account not only for the sigmoid time 
course of growth in general, but in addition for various empirically known 
regulatory phenomena (e. g., compensatory growth after injury or mutilation; 
growth “stimulation” by organ extracts; etc.), as well as for the self-limiting 
character of such reactions. In the following, an attempt is made to translate 
the qualitative statements of that theory into more precise mathematical 

1 
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terms and to test the validity and heuristic value of the resulting formulae. It is 
definitely not our intention at this time to enter into a comprehensive and 
critical discussion of earlier theories of growth, which our present account is to 
supersede. Our sole purpose here is to introduce a practicable model of the 
growth process which will give better definition to the problems of growth and 
growth control, and greater precision to experimental work bearing on those 
problems. 

Although inhomogeneity of composition and complexity of construction 
are outstanding features of the animal organism and of its parts, it is a fact that 
in the treatment of growth, they have often been disregarded or discounted. 
Logically, one cannot expect the growth of such a heterogeneous composite as 
an eye or limb, let alone a whole aximal, to conform to any single monotonic 
mathematical function. An empirical growth curve is but an enveloping blanket, 
covering underlying changes as diverse as are the parts under consideration, 
some of which increase, while others remain stationary, and still others regress, 
each according to its own peculiar time schedule and rate. Since this point has 
been elaborated on previous occasions (especially Weiss (1)), we need not dwell 
on it here except to point out the limitations which this composite nature of the 
growth process in complex animals imposes on any interpretation of their 
growth curves. 

An inductive growth curve traced through points of empirical measurements 
is primarily a convenient formal portrayal of those changes in time that have 
been measured on a chosen scale (e.g., Brody (2)). If one proceeds to exploit 
such a curve for analytical purposes, that is, to deduce from it clues as to the 
operation of the processes that underlie the measured changes, one deliberately 
disregards all but the most salient features of the curve, and in doing so, shifts 
precariously from reality toward abstraction. Still, this is necessary, legitimate, 
and profitable so long as the conclusions can be verified. There have been many 
efforts to derive from growth curves, thus simplified, knowledge about the 
unknown growth process (e.g., Schmalhausen (3)). 

A second, complementary, procedure has been to create, on the basis of 
certain elementary assumptions, a theoretical model of growth, to project its 
behavior in time into a model curve and then to check the gross agreement 
between the latter and known empirical curves. The results of this procedure, 
based on assumptions that were either too arbitrary or too sweeping, have 
mostly been disappointingly sterile or equivocal. It may be noted, for instance, 
that the general sigmoid shape of growth curves can be simulated equally well 
by a number of models, unrelated to each other; e.g., by “autocatalytic” mono- 
molecular reactions (Robertson (4)) or by masses subject simultaneously to 
gains in proportion to surface and losses in proportion to volume (Rubner (5), 
von Bertalanffy (6)). Such ambivalence, of course, detracts from their utility as 
models. Only by starting from a more concrete and precise characterization of 
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growth than has been used in the more abstract models of the past can the 
procedure be rendered more conclusive. 

One effort in this direction is presented herewith. It has yielded a model more 
fully endowed with such definite properties as actual growing systems are 
known, or must be postulated, to possess. Its distinction from prior models 
lies in the closer approximation to reality of the basic premises, in its wider 
scope, which extends beyond a mere representation of growth to growth dis- 
turbances and regulations, and, above all, in the dissection of the growth prob- 
lem into a series of detailed questions which lend themselves to concrete experi- 
mental investigations. The formal model thus has become a working model. 
But, like its predecessors, it will still have to prove its validity and utility in 
future tests. Also, having been developed for the most complex of cases—that 
of the metazoan organism—one cannot expect it to be applicable without 
appropriate simplifying amendments, to less complex systems, such as plants 
or simple cell colonies. 


THE BASIC PREMISES 


The theory of growth quantitated below was originally derived from a con- 
sideration of the automatic self-regulations that follow growth disturbances 
within a given system, and of the possible molecular mechanisms that might be 
involved; advanced first in 1945 (Weiss (7), pp. 272-273), the theory has since 
been restated in several similar versions (e.g., Weiss (8), pp. 180-181; (9), pp. 


202-203; most explicitly: (1), pp. 198-203), which may be summarized here. 
The basic facts on which it is founded are the following :— 

1. Growth, as the measured gain of organic mass of a circumscribed living 
system, is the net balance of mass produced and retained (incremental com- 
ponent) over mass destroyed and otherwise lost (decremental component) 
within the given boundaries. 

2. The primary instrument of incremental growth is protoplasmic reproduc- 
tion, with or without cell division. This involves the generation of new units of 
the basic macromolecular systems characteristic of a given cell type; myoblasts 
generating more sarcoplasm, neuroblasts more neuroplasm, thyroid cells more 
thyroplasm, etc. 

3. Besides its self-reproduction, each protoplasm manufactures type-specific 
products—e.g., myofibrils, neurofibrils, and thyroid colloid, respectively, for 
the types just listed. Such products are either retained within the generating 
cells (e.g., myofibrils, pigment granules, cilia) or are extruded into the extra- 
cellular space (e.g., hormones, skeletal ground substances, connective tissue 
fibers), where they either accumulate or decay, or merely pass through on the 
way to other cells or to the outside. For the purpose of our discussion, we shall 
lump all these terminal products and all those other fractions of cells and tissues 
that are secondary derivatives, rather than instruments, of protoplasmic repro- 
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duction, in a single category, to be designated as “differentiated mass” (D). 
That fraction which remains in reproductive activity, whether within a given 
cell or as a cell group within a tissue, (germinal cord or layer), will be desig- 
nated as “generative mass” (G). Since the ratio between G and D varies greatly 
for the various differentiated cell types and tissues, true (generative growth 
rates cannot be estimated from bulk measurements, in which the values for 
G + D appear as undissociable entities. 

4. Throughout life, and most markedly during the embryonic period, there is 
a progressive conversion of generative into sterile differentiated mass (G — D). 
There have been attempts to refer the definite size limits of animals to the 
depletion of their generative potential by this conversion. However, such an 
assumption ignores the fact that a size ceiling does not connote cessation of 
generative growth, but merely the attainment of stationary equilibrium be- 
tween incremental and decremental processes. It is further contradicted by the 
fact that even at terminal size levels growth can still be resumed automati- 
cally, as summarized below. 

5. (a) The total terminal mass of a given cell type within an organism tends 
to become stabilized at a certain constant value irrespective of the particular 
manner in which the mass is subdivided and distributed (note, for instance, the 
relative constancy of the volume of the different blood cell types, notwith- 
standing the wide dispersal and variation of hematopoietic sources). 

(b) Upon artificial reduction of the total mass, after it has reached its final 
stationary value, the residual mass tends to restore the original quantity of 
total mass by hypertrophy, hyperplasia, regeneration, or a combination of 
these. That such compensatory growth reactions are an expression of a direct 
homeostatic mechanism operating among the homologous members of a cell 
system, rather than of the stress of hyperfunction, is evidenced by their time 
course, as well as by their occurrence under prefunctional and other conditions 
in which functional load is of no import (1). 

6. Pulp or extract of given cell types injected into an organism can accelerate 
growth in cells of the homologous types of the host. Under suitable conditions 
this effect can be demonstrated with tissue cultures im vitro. Injury to an 
organ, releasing cell content into the body fluids, may lead to the same result, 
acting synergistically with the phenomenon of point 5. 

Regarding points 5 and 6, the following qualifications must be borne in 
mind. Although the responses are, in the main, organ-specific, they usually 
show also admixtures of unspecific effects evidently related to the common 
chemical components of all cells, as well as group-specific effects, revealing 
chemical kinships of various degrees among different organs. Furthermore, 
automatic growth reactions of the indicated kind have by no means been 
ascertained for all cell types, so that the ubiquity of their occurrence cannot 
be taken for granted. They are, however, sufficiently common (see listing in 
Weiss (1)) to call for a unified explanation. 
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Such an explanation had to take cognizance of the fact that if the totality 
of a given tissue mass maintains a constant value irrespective of whether or 
not the constituent parts are contiguous, there must be some communication 
system among the individual elements by which they can remain posted con- 
tinuously about the total size of their community, and through which they 
can be notified about the sign and magnitude of any alteration of that size. 
The fact that despite the scrambling action of the common humoral pool, 
which this communication system must use as its broadcasting medium, re- 
ception is organ-specific, presupposes that each cell type has its own private 
code, as it were, for communication among its members. To bring this con- 
clusion down from the level of generality to more concrete and testable terms, 
the following hypothetical concept was proposed. 


A Molecular Concept of Growth Regulation 


1. Each specific cell type reproduces its protoplasm by a mechanism in 
which key compounds (templates) characteristic of the individual cell type 
act as catalysts. Growth rate is proportional to the concentration of such 
intracellular specific templates in the free or active state. Under normal con- 
ditions, these compounds remain confined within the cell. They form the core 
of what we have called above generative mass (G). It is irrelevant in the present 
connection whether one conceives of these units as “self-reproductive” or 
just as critically limiting determinants of the reproductive process in the 
manner suggested previously (Weiss (10), pp. 189-192). 

2. Part of the generated mass is being turned into non-reproductive differ- 
entiated mass (D; see above) and thereby is rendered sterile. 

3. In addition to its population of template compounds, each cell also pro- 
duces antagonistic species of compounds (antitemplates) which can block the 
former, for instance, by combining with them stoichiometrically, leaving, for 
the moment, the number of antitemplates required for the inactivation of 
one template unspecified. These antitemplates may arise as direct by-products 
of the process of protoplasmic reproduction or secondarily in the course of 
differentiation, or they may be produced continually by the generative or 
differentiated mass. They may be steric complements to the template com- 
pounds or bear some other complementary relation to them. The only pre- 
requisites are: (a) that, contrary to the specific templates, they be freely dif- 
fusible so as to pass readily back and forth between cell and extracellular space 
and circulation; (6) that they carry the specific tag of their producer cell type 
which endows them with selective affinity for any and all cells of the same 
type; (c) that they undergo continual metabolic degradation and eventual 
excretion; and (d) that their production be kept up continuously so as to make 
up for the steady loss under (c). 

4. Being of intracellular origin, they are absent at first from the extracellular 
medium, and the prevailing direction of their early diffusion is, therefore, 
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cellulifugal. As this process continues to increase their extracellular concentra- 
tion, the concentration gradient from cell to medium, hence, the rate of out- 
ward diffusion, diminishes progressively. Accordingly, in terms of equilibria, 
the number of antitempilates re-entering cells from the medium, hence, the 
proportion of antitemplates in the content of a given cell at any one time, 
rises steadily. Consequently, as antitemplates, according to point 3, are sup- 
posed to inactivate templates in stoichiometric relations, they render an in- 
creasing proportion of the homologous templates ineffective, resulting in a 
corresponding decline of growth rate in all cells of that particular strain bathed 
by the common humoral pool. When stationary equilibrium between intra- 
cellular and extracellular concentrations is reached, growth will appear to 
have ceased. The antitemplate system thus acts as a growth regulator by a 
negative feedback mechanism. Since this yields a sigmoid curve for the growth 
of the total mass of each organ system (11), the familiar sigmoid curve for the 
whole organism would be essentially an aggregate of similar curves for the 
individual constituent organ systems. 

The diagram in Fig. 1 may serve to visualize the main facets of the theory. 
The various symbols connote the following features of an organism in its early 
growth period: (a) the outer circle—the boundary of the organism; (0) the 
inner circles—four cells belonging to two different types, leaving the area (c) 
between the outer circle and the inner circles to represent the extracellular 
space and particularly the humoral communication medium; (¢) double- 
contoured triangles or circles within each cell—the particular type-specific 
templates of the generative mass, with arrows indicating their reproductive 
activity; (e) the stippled area within each cell—differentiated mass, whose 
derivation from generative mass, with loss of generative capacity, is indicated 
by the symbol of broken templates; (f) solid triangles and circles—the type- 
specific antitemplates of each cell, with arrows indicating drift; (g) double- 
contoured figures, enclosing matching solid figures—templates inactivated 
by conjugation with antitemplates. 

If we were to picture the same system at a later stage of its growth period, 
we should characterize it by larger segments of differentiated mass, a higher 
density of the antitemplate population in the extracellular pool, and a cor- 
respondingly larger fraction of blocked templates in the cells. Terminal equilib- 
rium would show all three of these values at relative maxima. 

It can be readily seen that, according to this theory, rate of growth of any cell 
type is limited by the concentration of specific antitemplates in the common medium, 
and since this concentration is a function of the total mass of protoplasm of 
that particular type present, any change in aggregate mass will, through the 
agency of the resulting change of inhibitor concentration, automatically register 
in all related cells. The reactions will be as follows:— 

(a) Removal of part of an organ system (e.g., part of the liver or one of the 
kidneys), eliminates part of the sources of the corresponding types of templates 
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and antitemplates. Since the former, according to our premise 1, have been in 
intracellular confinement, neither their former presence nor their recent loss 
could have been perceptible to other cells of the system. This does not hold for 
the antitemplates, which are in circulation and a reduction of whose production 
source would become recognizable by the resulting lowering of their concentra- 
tion in the extracellular pool because of the reduced rate of their replenishment. 


Fic. 1. Diagrammatic representation of the theory 


According to points 3 and 4, this would shift the intracellular ratio of templates 
to antitemplates temporarily in favor of the templates, causing automatic 
resumption of growth—to all intents, a “compensatory” growth reaction—till 
a steady state is restored. 

In terms of our diagram, reduction of the total mass of a given cell type would 
be symbolized by deleting one of the cells of the illustrated quartet; for in- 
stance, an upper one. The loss of strictly intracellular triangular templates as 
such goes unnoticed. However, the discontinuance of contributions of tri- 
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angular antitemplates from the removed cell to the pool will result in a pro- 
gressive decline of their density in that pool, with a consequent increase of 
unblocked triangular templates in the remaining cell. 

(6) Addition of cells (by infusion or transplantation) should have opposite 
effects depending on whether or not the cells survive, or rather on the ratio of 
surviving to disintegrating cells. If all cells survive, the net effect would be a 
temporary rise in the concentration of circulating antitemplates of the particu- 
lar type, hence, a reduction in growth rate of the corresponding host system, 
provided it were still in a phase of overt growth. On the other hand, cells that 
disintegrate release into the extracellular space a complement of specific tem- 
plates that would otherwise never have escaped. If, on the basis of our earlier 
assumption, these combine with homologous antitemplates, this would tem- 
porarily lower the effective extracellular antitemplate concentration, hence, 
start a renewed spurt of growth in cells of the homologous type. Thus, live 
cells and disintegrated cells would act in the opposite sense. The promotion of 
growth in homologous cell types by the injection of cell debris could be ex- 
plained on the same basis, that is, as neutralization of antitemplates in the pool. 
Alternatively, however, one could contend that templates freed from the dis- 
rupted cells are adopted and functionally incorporated by the homologous 
host cells (see Ebert (12)), where they would raise the intracellular template 
concentration directly. 

In the diagram, cell disintegration can be represented by erasing the circular 
boundary around one of the type cells. Triangular templates will then spill into 
the extracellular pool and by combining with triangular antitemplates there 
reduce the concentration of the latter. To symbolize injections of cell pulp, one 
would simply have to add some free templates (e.g., double-contoured triangles) 
to the extracellular pool. 

(c) Artificial increase (or decrease) of the liquid volume of the extracellular 
pool will lower (or raise) the concentration of the whole antitemplate popu- 
lation; this should automatically free blocked templates (or block free 
templates) in the cell types concerned, with the result of accelerated (or de- 
pressed) growth (see Glinos and Gey (13)). 


For the purpose of this paper we shall use the more general term “inhibitors” 
in place of antitemplates with the understanding that in each case these are 
specific for a particular cell type. We shall also use the terminology “attain- 
ment of terminal size,” “cessation of growth,” etc., as shorthand references to 
the steady state equilibrium in which no further overt changes of mass are 
observable. 


BASIC CONSTITUENTS OF THE MODEL 


This purely qualitative version of the model was then prepared for a more 
rigorous quantitative treatment by singling out the major component pro- 
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cesses of the complex network of interactions and formulating each separately 
in appropriate mathematical terms. The chief determinants that can be identi- 
fied are the following: 

1. Reproduction of Generative Mass.—The rate of this process will depend 
upon the amount of generative mass (intracellular template concentration) 
present and the intracellular concentration of inhibitors. 

2. Drain of Generative Mass into Differentiated Mass.—The rate of this 
conversion presumably depends on the amount of generative mass present or 
on the relative amounts of generative and differentiated mass. It may also be 
influenced by the intracellular concentration of inhibitors. 

3. Production of Inhibitors (Inhibitor Mass).—The rate of formation of 
inhibitors will depend on whether they arise in the course of process 1 or 2 or 
are produced continually by existing generative or differentiated mass. 

4. Feedback Inhibition —The extent of inhibition of process 1 and possibly 
of process 2 will be determined by the intracellular concentration of inhibitors. 
The negative feedback is taken to be proportional to C*, in which C is the 
intracellular inhibitor concentration and x is the number of inhibitor molecules 
required for complete inhibition of one template. Without detailed knowledge 
of the inhibitory mechanism (e.g., whether it is competitive or non-competitive, 
etc.) it is not possible to formulate any exact scheme of its kinetics. However, 
it suffices as a general approximation to assume that if one molecule of in- 
hibitor inhibits one template, the inhibition will be proportional to the con- 


centration; if it requires two molecules, it will be proportional to the square of 
the concentration; if three molecules, to the cube, etc. This relationship results 
from the principle of mass action (cf. Lineweaver and Burk (14)). 


A feedback mechanism has been explicitly incorporated by Shock and Morales 
(15) in a model of the growth of a community of N cells regarded as a pure repro- 
ductive system. For example, if the division time for all cells is equal and constant 
and an inhibitor substance is produced by all cells at a uniform rate, the differen- 
tial equation for the growth of the community is dN/dt = aN(b—WN), which is the 
same as the Robertson equation (4) (see also the “‘autointoxication” concept, Des- 
champs (16)). This equation can also be derived from other a priori considerations, 
for example, if a substance N were being formed from an initial supply of precursor 
b at a rate proportional to the amount of N already present. As can be seen from 
the treatment below (Equation 9), an equation of this form also describes the 
growth of a strictly reproductive system N, if the growth rate is proportional to 
the amount of N present, and if, in addition, a negative feedback proportional to 
the amount of new N formed is in operation. 


5. Diffusion of Inhibitors between the Cells and Their Environment.—The 
rate of diffusion will depend upon the concentration gradient and the properties 
of the membranes concerned. In our treatment below we assume that diffusion 
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takes place freely and that the time required for establishing equilibrium js 
rapid enough to be ignored. 

6. Catabolic and Other Losses of Generative, Differentiated, and Inhibitory 
Mass.—The following factors can contribute to these losses: 

(a) Degradation of substance by ordinary wear and tear. 

(6) Destruction in the course of functional activity. 

(c) Decay of complex substance by virtue of the instability inherent in 

existence in low entropy states. 
(d) Elimination by excretion. 
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Fic. 2. Hypothetical growth curves for growth models deficient in one or several 


basic constituents of the complete model. In this and subsequent figures the vertical 
arrow marks the time of chick hatching (21 days). 


Omission of a consideration of process 6 would only be justified if the extent of 
loss were negligible over long periods, which is not likely to be the case for most 
biological systems. While the existence of such processes has long been taken for 
granted, they have been taken into account in previous treatments of the growth 
process only exceptionally (e.g., by von Bertalanffy (17) in an equation otherwise 
in the semiempirical classical framework). 


Each of the processes 2, 4, and 6—drain of generative mass by differentiation, 
negative feedback, and catabolic loss—has the effect of diminishing the specific 
growth rate (dM/M dt = d log M/dt) of a system which would otherwise tend 
to grow exponentially, as illustrated in Fig. 2. In the initial phase this depression 
is largely to be ascribed to process 2, for in this phase the burden of growth is 
carried by a generative core of progressively diminishing proportions (Fig. 3). 
Factor 4 has a more prominent effect in later stages, whereas factor 6 has been 
assumed to have a constant effect throughout. 
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In our treatment, a physiological time scale has been adopted which uses 
as the unit of time the period required for a unit of generative mass to double 
in the absence of differentiation, of inhibitory feedback, and of catabolic loss 
(for details see pp. 15-16). In the presence of these processes, the time taken 
for the total mass to double becomes progressively longer; it is stretched out, 
so to speak. By contrast, the specific growth rate in exponential growth is 
constant, i.e. the doubling time remains constant, and a plot of log M against 
t gives a straight line. 

















































































































TOTAL MASS . . 7-26 8.43 
% GENERATIVE MASS ° . 22.5 20.8 


PHYSIOLOGICAL TIME 7 8 











Fic. 3. Relative decrease of generative mass in a growing system in which the 


mass increments are apportioned in the ratio 9:1 between differentiated and genera- 
tive mass. 


The observation (18) that a plot of log M against log ¢ is more or less linear over 
limited time intervals of chick growth, accounts for the derivation of empirical equa- 
tions by a number of investigators (3, 19-21). The use of the logarithm function 
in these treatments, by compressing the time scale, tends to offset the “stretching 
of the doubling-time interval” introduced by the action of processes 2, 4, and 6. 
This explains the partial success of this procedure. The requirement of Schmal- 
hausen (3), Levy (20), and Osgood (21) that d log M/d log ¢ be constant is equiv- 
alent to the condition that the specific growth rate be inversely proportional to the 
time. In Glaser’s (19) treatment this requirement is slightly modified. Both require- 
ments lead to growth equations in which the boundary value conditions for 
biological systems cannot be fulfilled. Similar devices are incorporated into other equa- 
tions which have been more or less successful in expressing the growth of biologi- 
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cal systems as a function of time over limited periods. In the Gompertz equation, 
a progressive decline in the specific growth rate is accomplished by taking it to be 
equal to the logarithm of an inverse power of the mass plus a constant, i.e., d log M /dt 
= log M~* + log M% = log (M./M)?*, in which M, signifies terminal mass. At at- 
tainment of terminal size, M = M,, and the specific growth rate becomes zero. 
The von Bertalanffy equation (17) accomplishes this objective by taking the spe- 
cific growth rate to be inversely proportional to a root of the mass itself minus a 
constant, t.e. d log M/dt = (a/M)'-*—b, in which x < 1. In the equations of Rob- 
ertson (4), and of Shock and Morales (15), the specific growth rate is taken to be 
proportional to the mass deficit, i.e. d log M/dt = a(M, — M), which is equivalent 
to imposing the operation of a negative feedback. 


In earlier treatments of the growth problem, including those referred to in 
the preceding paragraph, the compound effect of differentiation, negative 
feedback, and catabolic loss, as they together modify the specific growth rate, 
has been generally dealt with as a single entity and accordingly been either 
represented empirically by a relatively simple function, or given a theoretical 
formulation which took account of only one of the contributing factors. It is 
to be expected that any monotonic decreasing function chosen to express the 
decline in specific growth rate, can be made to fit biological growth curves 
over the limited periods during which that function corresponds approximately 
to the actual rate of decline. But such functions cannot be expected to be 
valid over the entire period of growth, during which different growth-regulating 
mechanisms may operate with varying degrees of prominence. What was 
wanting, therefore, was a formulation of growth kinetics which incorporated 
into its framework all the above mentioned growth-regulating factors. This 
has been attempted in our model which, while taking into account the com- 
plexity of the growth problem, yet refrains from introducing any parameters 
that cannot be endowed with strictly physical and biological meanings. This 
makes it possible to subject the assumptions and predictions of the model to a 
test of their consistency with observable facts. 

In view of our derivation of the model from considerations of organ growth 
regulation, it would have been desirable, of course, to base the detailed analysis 
on growth records of individual organs. However, because of the lack of data 
of sufficient completeness in the literature, we had to resort to the use of growth 
records of whole animals, assuming that organ growth in general follows a 
similar course. This assumption, while presumably not strictly valid for any 
organ, can be accepted for our present purpose as a fair approximation. 

Because of the relative abundance of data on the growth of the chicken, 
we have used these as guides in the development of the model for arriving at 
roughly reasonable values for the parameters involved. The data listed in 


1 The application of this equation to biological growth derives from a suggestion 
by Wright (22) that the specific growth rate declines at a uniform relative rate. 
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Table I are a composite of the fresh weight pre-hatching data of Schmalhausen 
(23) and early and late post-hatching data of Landauer (24, 25), the latter for 
female Leghorn birds. These values appear as circles in Fig. 4. A weight of 1316 


TABLE I 
Observed Fresh Total Body Weights of the Chicken 





Total body weight | Total body weight 
(gm.) (percentage of adult weight) 


Time 
(physiological) 





_ 0.0002 0.00014 
0.003 0.00022 
0.02 0.00144 
0.055 0.00397 
0.200 0.01444 
0.470 | 0.0339 
.836 | 0.0604 
21 | 0.0875 
636 118 
846 . 206 
.916 .283 
65 .338 
43 536 
9.84 710 
11.00 795 
13.65 986 
16. 19 
20. 50 
27. 01 
33. .40 
41.0 .96 
48.22 48 
59.95 33 
94 88.8 41 
101 | 107.8 78 
64 115 209.85 2 
78 129 352.75 5 
180 231 1078 8 
505 | 556 1186 85.6 
838 889 1316 95.0 
Adult Adult | 1385 100 
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gm. at 838 days is arbitrarily adopted as 95 per cent of the adult weight (the 
weight at attainment of terminal size) and all other weights are expressed in 
fractions of this value for use in calculations. Whether the weight at 838 days 
is precisely 95 per cent of the adult weight is theoretically of minor significance, 
for even if the true value were 92 or 98 per cent, this would cause no essential 
alteration of the chosen growth parameters. 
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Fic. 4. Growth of the chick during its embryonic and post-embryonic periods 
according to observed data (crosses) and values predicted from the theoretical model 
(circles). Insert, enlarged representation of the early growth phase. 
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Fic. 5. Diagrammatic representation of the model (for the case of inhibitor pro- 
duction by D). 


For a glossary of terms and symbols used in the following mathematical 
derivations see Appendix I. 
STRUCTURE OF THE MODEL 


The differential equations below express in words the theoretical structure 
of the model to be derived. The relationships are further illustrated in Fig. 5. 
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T T 
Inhibitors formed Inhibitors lost 
DERIVATION OF THE MATHEMATICAL MODEL 


1A3 Basic Rate of Reproduction of Generative Mass.—This is the rate of 
increase of generative mass (G) in the absence of differentiation, negative 
feedback, and catabolic processes. The term expressing this rate depends upon 
the time scale employed. If, as indicated above (p. 11), the time unit chosen 
is the interval required for unit generative mass to double, then this rate is 
G log 2. While the length of this physiological time unit need not be known 
exactly, it is essential that the same unit be employed over the entire period of 
growth to be analyzed. 

In this connection it will be noted from the curve for chicken growth (Fig. 4) 
plotted against absolute time, that at the time of hatching there is a discon- 
tinuity in the slope. This is presumably related to the nutritional changeover 
which occurs at this phase. This changeover cannot fail to affect the relation- 
ship between our adopted physiological time scale and the absolute time scale. 


* An explicit term for catabolic loss of G has been omitted from Equation 1. This 
practical simplification for mathematical expediency is of little consequence, as G 
amounts to only a small fraction of the total metabolizing mass, M, and in any case 
there is a pathway for such loss implicit in the framework of the model. 

* These symbols correspond to those used in Equations 1 to 3. 





16 MODEL OF GROWTH AND GROWTH CONTROL 


Thus, if the physiological unit of time after hatching were taken to be 1 day, 
it would have to correspond to only a fraction of 1 day before hatching. The 
actual ratio between the pre- and post-hatching scales can be roughly esti- 
mated by either elongating the absolute time scale by a constant factor before 
hatching or condensing it by a constant factor after hatching, until the two 
curves merge into one with a continuously changing slope. This occurs at a 
ratio of approximately four to one. Accordingly, we have adopted as the units 
of physiological time for the pre-hatching and post-hatching phases, periods of 
6 hours and 1 day, respectively. That the absolute value of this unit before 
hatching cannot exceed 6 hours is also apparent from the fact that from the 
ist to the 2nd day the total mass increases by a factor of 15 (Table I), ie. 
approximately 2‘, giving one-fourth day as the maximum pre-hatching doubling 
time. In applying the model to chicken growth, each day is thus set equivalent 
to four units of physiological time before hatching, and to one unit after hatch- 
ing. Correspondingly, it is mathematically expedient, but also biologically 
plausible, to assume that the other rate constants, 7.e. those for differentiation, 
inhibitor production, and catabolic processes, are likewise geared to physiologi- 
cal time, implying their fourfold slowing at hatching. 

1B. Generative Feedback Term.—The object of this term is to diminish 
progressively the relative amount of new generative mass formed in unit time. 
Initially, i.e. at ¢ = O, the feedback is taken to be zero, corresponding to a 
value of unity for the feedback term. At equilibrium, when size has been stabi- 
lized, the magnitude of the feedback should be such as to just allow as much 
new G to be generated as is required to make up for that fraction of the amount 
of G that is being converted to differentiated mass, D, which latter in turn is to 
replace that fraction of D lost by catabolism; this corresponds to a small frac- 
tional value for the feedback term. With the feedback proportional to a power 
of the concentration (see p. 9) we have, feedback = BC. Normalizing, i.e. 


expressing this in fractions of the equilibrium value of the feedback, we 
have, 


Fy = feedback (normalized) = BC’/ BCs = (C/C,)’. (4) 


If } is taken to signify the ratio of actual feedback inhibition at attainment of 
terminal size to maximum possible inhibition, the feedback term becomes, 


F(C) = feedback term = (1 — bFy) = [1 — B(C/C.)’], (4a) 


which is normalized, dimensionless, and satisfies the above boundary value 
conditions. 


The concentration of inhibitors is equal to J/Va, in which J signifies the 
number of inhibitor molecules and V4 the volume of the pool in which they are 
distributed (‘dilution pool”). Their actual values are unknown, yet in order 
to solve Equation 1 it is necessary to express the concentration of inhibitors in 
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terms of G (or é). This calls for the provisional construction of an accessory 
feedback term such that, 


F(G) = [1 — 0(C/C.)*] = F(O), (5) 


subject to later validation upon the basis of its consistency with empirical 
growth curves. Assuming that both G and C are sigmoid functions of time, 
C’ can probably be fairly well approximated by G’, in which the value of 
remains to be determined by actual curve fitting. In fact, G’ is one of the few 
functions which would allow a solution of Equation 1 in a practically useful 
form. We are thus led to the formulation, 


b(G” — G3) 
F(G) = E waah (6) 


for the feedback term, in which G, is theoretically the initial generative mass 
of the zygote. It follows from Equations 4, 5, and 6 that, according to this 


formulation, 
G" -—G> 
Fy = E =8| (6a) 


The expression (G" — G3) replaces C’ because at = 0,G = G, = 0, whereas 


C, is taken to be zero. Accordingly, the expression for the generative mass 
formed is, 





b(G" — Go) 
dG, = (G log 2) E —_ ie dt (7) 


IC. Generative Mass Lost (dGa).—Conversion of generative mass (G) into 
differentiated mass (D) can conveniently be treated by dividing differentiation 
into two components: one component, D, (accretion component), representing 
the building up of D and prevailing during the early growth period, the other 
component, D, (maintenance component), providing primarily for replacement 
of that fraction of D continually being catabolized. At equilibrium, dG, operates 
solely to replace catabolized D, hence the limiting value of this function is 
dGa. = Dee = kaG,, in which ke is the fraction of G, which continues to differ- 
entiate in unit time for the maintenance of D. If dGz were taken to be simply 
k4G, this would amount to assuming a constant rate of differentiation of G. 
This might be the case if differentiation of G occurred solely as the result of an 
autonomous maturation process. Under these conditions the amount of D 
generated by kxG would exceed the catabolic loss of D as long as the ratio 
G/D exceeded the ratio G,/D, (assuming that D is itself being catabolized at a 
constant rate). However, actual calculations produced values for the rate at 
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which D could be built up which were too low. What was needed was the ad- 
ditional term, D,, which takes over the task of building up D at a high rate 
during the period when growth is rapid and at a declining rate as the rate of 
growth decreases. To formulate such a term definitively would presuppose more 
detailed information on how differentiation is controlled than we possess, 
However, there is a possibility that the rate of differentiation, too, is influenced 
by the concentration of inhibitors, and, as a matter of fact, some progressive 
restraint on differentiation must be introduced if an adequate solution for the 
growth of biological systems is to be attained. One simple answer to this de- 
mand is to place the rate of differentiation also under negative feedback. Thus, 
we have assumed that both growth and differentiation are limited by negative 
feedback of the same origin, proceeding rapidly when the concentration of 
inhibitors is low and progressively diminishing as the concentration of in- 
hibitors increases. According to this scheme, dGq is formulated as follows:— 


G"- Gs: _ k(G" — G2) 
dG. = Ee ab nae ) + AG | dt = (ki + me 1 - ae a | () 


= (D. + D.) dt. 





(ki + kz) is the initial rate constant for differentiation of G, ke (see above) is 
the rate constant at terminal equilibrium when the contribution of &; is com- 
pletely suppressed by feedback, and k,/(k: + ke) is the ratio between the actual 


inhibition of differentiation at terminal equilibrium and complete inhibition. 
The differential equation for the growth of the generative mass G then be- 
comes,‘ 


dG = (Gog 2) | 1 — “= EP [ar me] 1 - GF | a ca (9) 


G? — Ge G? — G 

It is interesting to note the manner of the growth regulation of G predicted 
by this equation. During the period when the negative feedback is small, 
growth is held in check by rapid differentiation. As the feedback increases, it 
progressively takes over as the growth-regulating factor, but it does so by a 
dual process. Its direct effect of inhibiting the reproduction of G is more or 
less balanced against its indirect effect of progressively releasing G from the 
sapping effect of rapid differentiation. This general scheme is compatible with 
the supposition of some degree of antagonism between growth and differ- 
entiation as has at times been proposed. 

2A. Rate of Gain of Differentiated Mass by Conversion from G.—This term is 


‘For the case m = 1, k; = ke = 0, b would equal unity, i.e. 100 per cent inhibi- 
tion at equilibrium, and Equation 9 would reduce to the equations of Robertson, and 
of Shock and Morales. 
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identical with dG, (1C). In formulating the growth component of the model 
we have made the simplifying but otherwise inconsequential assumption that 
at { = 0, the differentiated mass, D, is zero. 

2B. Rate of Catabolic Loss of Differentiated Mass.—The loss of D probably 
involves at least four processes as enumerated above (p. 10). It is reasonable to 
assume as an approximation that the rate of this loss will be proportional to the 
amount of D present; i.e., ksD, in which k; is the catabolic rate constant. The 
resulting differential equation for D is, 


dD = iG E - ame | dt + knG dt — kyD dit. (10) 
G, — Go 

Specific solutions to the above model for the growth of G and D will lead to 
values for the feedback required at any given time # or for any given value of 
the generative mass, G. Therefore, the next task in the solution of the growth 
component of the model is to fit the solutions of Equations 9 and 10 to the 
curve for chicken growth reproduced in Fig. 4. The resulting feedback values 
must then be examined in order to establish whether a successful feedback 
model incorporating these values can be formulated; successful in the sense 
that it would not only yield the feedback demanded by the growth model, but 
also give a reasonable rate constant for catabolic loss of inhibitors and be able 
to predict growth reactions after experimental interference and to relate in- 
hibition to inhibitor concentration in a manner not contradictory to theory. 

3A. Rate of Production of Inhibitors——As yet no assumption has been made 
as to the mechanism of production of the inhibitors. There are at least four 
possibilities. They might be formed (a) continually by existing generative mass 
(““G—I’’) or (6) by existing differentiated mass (“D—J’’), or (c) in the process of 
reproduction of G, or (d) in the process of conversion of G to D. These would 
correspond to rates of inhibitor formation, assuming constancy of rate co- 
efficient, amounting to kG, kyD, kudG,, or kdGa, respectively. The subsequent 
mathematical treatment is valid whether inhibitors are produced by all com- 
ponents of G or D, or merely by certain specific components, provided that the 
growth of the components in question follows the same course as the total 
growth of G or D. Since Equations 9 and 10, which specify the growth com- 
ponent of the model, were derived independently of explicit assumptions as to 
the source of inhibitors, we are free, in testing the feedback component of the 
model, to consider all four possibilities mentioned. 

JB. Rate of Catabolic Loss of Inhibitors—We shall make the reasonable 
assumption that the loss of inhibitors is proportional to the number present 
at any given time, so that the term for this loss is simply ksJ, in which hs is 
the inhibitor catabolic rate constant (“inhibitor decay rate”). Accordingly, 
the four alternative differential equations for the number of inhibitors are, 


dI = k,(G; D; dG, ; dGz) dt — kl dt. (11) 
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SOLUTIONS OF THE DIFFERENTIAL EQUATIONS FOR THE GROWTH COMPONENT 
OF THE MODEL 


We proceed next to solving Equations 9 and 10 for G and D. The growth of 
the system, M, which is described by the differential equation, dM = dG + 
dD, will then be expressed explicitly in terms of time, the rate constants, the 
initial mass G,, the final masses G, and D,, and the exponent n, which relates 
the concentration of inhibitors, J, to generative mass, G. The solutions, G = 
G(t), D = D(t), and M(t) = G(t) + D(d), must then be tested against the 
known data until a satisfactory fit is achieved. 

By substituting in Equations 9 and 10 the boundary values for growth equi- 
librium, at which time both dG and dD = 0, we obtain the relations, 


ke = (1 — b) log 2, kG. = ksD.. (12) 


Substituting these relations in Equation 9 gives, 











G? — G" 
dG = G(log2 —ki — k - ——- | ds. 
og 1 2) E + 4 (13) 
Letting, 
Gi — G +1 
= G* ’ Toate ? a = (log 2 — ki — hy), (14) 


the solution obtained by integrating Equation 13, hence the formula for the 
generative mass present at any time / is, 


G. G.e*™! 
(1 aerating gn® s\n’ 





(15) 


Equation 10 can now be solved utilizing equations 12, 14, and 15, and sub- 
stituting, 
a k; 


1 a 
m=—, y=-tm, @=- =(e+e*"%. (16) 
n p 


a 


The first steps in the solution of Equation 10 lead to the equation, 


t t 
De*s | - mo | + kv) | (e* — a)@ Dern) dg — kiy | (e — a)¥e*!" is| ° 
°o 2 0 


) 
~ 


However, Equation 17 can only be integrated to give a solution in closed form 
for certain integral values of m and 1/n. For m < 1, which turned out to be 
the condition fitting the actual growth data, its general solution in open form, 
giving the amount of differentiated mass at any time f, is, 


D. 
D = — 
ekst (18) 


fes*[1 + mi(y — 1S, — bi m1 yS2/ke) — (2 + 1)"[1 + oily — DSi — ky m yS2a/he)] 
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in which S;, Sta, Se, and Sz, are given by the infinite series, 


pty Det | Y—DGy—3)e#_(Y— DY —3)(y— At 
“(a —m) (2—mn)2! (3 — m3! (4 — m)4! 








same as S; but replace p by 1/7, 
p 2(y— 1p?  3(y — I(y — 2)p* zh 4(y — 1)(y — 2)(y — 3)o* C 





(1—m)  (2—)2! (3 — m)3! (4 — m)4! ' 
S., = same as S2 but replace p by 1/7. 


The next task is to ascertain those values for ki, ke, ks, G./Go and n, which will 
lead to a solution of the growth component of the model compatible with the 
empirical growth data. If the values of these rate constants and other parame- 
ters turn out to be biologically reasonable, then this solution may be accepted 
as a basis for further computations. As pointed out above, no arbitrary non- 
interpretable parameters have been embodied in the model. Although the 
parameter is arbitrary, it is used only as a provisional expedient to solve 
Equation 1, but does not appear in the final equations (27, 28, and 29). The 
values of b, a, y, m, D., etc., are uniquely defined by the above five parameters. 

The problem of evaluating these parameters for the first time to fit a curve 
for biological growth is one of very great complexity, and it has proved necessary 
to approach it laboriously by trial and error. In fact, we had eventually to 
adopt a compromise solution which, although amenable to improvement, 
is sufficiently accurate for our present purpose. 

Preliminary attempts to evaluate the parameters indicated that the sum 
of the rate constants, k; + ke, must be a relatively large fraction of log 2, while 
ky itself could only be a relatively small fraction of log 2. From Equations 
10 and 13 it can be seen that under these conditions, as far as the earliest growth 
is concerned, most of the new mass added in any time increment is differ- 
entiated mass (dD is a large fraction of G while dG is a small fraction of G). 
Let us for the moment simplify the model by omitting negative feedback and 
catabolic processes (whose effect in very early growth is relatively insignifi- 
cant). Beginning with unit generative mass which, except for the rapid rate 
of differentiation, would double in each unit of time, we arrive at the growth 
diagram of Fig. 3, which anticipates the value of 0.07 for a obtained in the final 
solution. This corresponds to about 90 per cent of the mass increments ac- 
cruing to D, and 10 per cent to G. Under these conditions, in the first few 
units of time the mass increases by about one unit for each unit of physiological 
time. As explained above (p. 16), this is equivalent to about four units per 
day during the embryonic phase of chick growth. Taking the measured 
weight (Table I) for each day as unity, beginning with the 1st day, the 
relative weight increments during the next following day are 15, 6.33, 2.75,° 


* This value, falling out of line of this series derived from Schmalhausen’s table, 
appears to be too low. 
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3.64, and 2.35. Since this series intersects the critical ratio of 4 on the 4th 
day, we set the starting date of the model as of the end of the 3rd day. This 
conforms with the above assumptions (pp. 17-18) according to which in- 
tense differentiation has already been initiated at the zero hour for the appli- 
cation of the model and is thenceforth progressively restrained by feedback 
inhibition. 

The time conversion scale of the model for a plot by days is as follows, 
Time equal to zero corresponds to the end of the 3rd day of incubation. The 
value for “days since the beginning of incubation” is obtained from physi- 
ological time by dividing by 4 and adding 3 days for time values up to 72 units 
(time of hatching); thereafter simply subtract 51 units. Thus, 68 physiological 
time units correspond to 68/4 + 3 = 20 days; 72 units, to 72/4 + 3 = 21 
days (hatching) = 72 — 51; 73 units, to 73 — 51 = 22 days, etc. 

With an approximate time for the beginning of the validity of the model 
chosen for testing, i.e. ¢ = 0, corresponding to the end of the 3rd day, G, is 
approximately 0.02 gm. (Table I). Since the terminal weight is taken to be 
1385 gm., G, + D, = M, = 1385 G,/0.02. The skeleton of Equation 18 can 
be set up for chosen test values of m and m. The specification of the value for 
“q” fixes G,, which in turn leads to a value for D./G, = k2/k, (Equation 12). 
The ratio k;/(log 2 — ki — ke) = k3/a = m my is also fixed. By choosing a 
test value for k; all parameters will be uniquely determined. Thus, values of 
a and k,; can be scanned for a given choice of m and m, which in turn must be 
scanned for any given value G, + D, determined by the starting time. Equa- 
tion 18 converges only very slowly for most values of m and m, and it must be 
expanded to over sixty terms to obtain accurate early pre-hatching values of 
D.® We shall not go into further details of the exploratory procedures for 
evaluating the parameters of Equations 15 and 18. It is clear, however, that 
one can obtain some guidance from rough estimates of reasonable ranges of 
values for such parameters as k; (rate of catabolic loss of D), ki + ke (initial 
rate of differentiation of G), G./(G. + D.) (terminal fraction of the terminal 
mass which is generative), (a + 1)'/"; (the factor by which G increases from 
the end of the 3rd day to attainment of terminal size), etc. However, eventually 


6 For many of the results of the analyses presented in this paper, calculations had 
to be carried out to nine decimal places. It was thus necessary to compute tables of 
roots and functions, e”, log x, etc., with a calculator having a capacity of ten deci- 
mal places. The function e*, for example, could be computed to ten places for small 
values of x with the aid of the usual series expansions. For large values of x the val- 
ues of the function could be computed by appropriate multiplications. By testing 
the equations for appropriately chosen values of ¢, the number of functional values 
that had to be computed was held to a minimum, for the argument x could then 
be varied by convenient steps. Roots to nine places were computed by trial and 
error with interpolation. 
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trial and retrial by scanning ”, m, a, ks, and G, + D, have been required to 
converge on the solution. 

It greatly raises the plausibility of the model that the approximate solution 
which was attained when it was applied to the observed chicken growth data 
is completely within the bounds of reasonable expectation. The values and 
definitions of the parameters and meaningful combinations of them that 
apply in this solution are listed below. 


ky = 0.507715945 Go = 0.02418 gm. 
ke = 0.115431236 G, = 4,096 G, 
ks = 0.00888888889 D. = 53,190 Go 
b = 0.833467931 M,. = G, + D, = 57,286 G, 
a = 63 n =? 
a = 0.07 m =\% 
y = 64/63 y =9/4 
G,/M, = 0.0715 = terminal fraction of terminal mass which is generative. 
D./M, = 0.9285 = terminal fraction of terminal mass which is differentiated. 
100 ks = 0.889 = daily catabolic loss of D, in per cent. 
100 k3D./M, = 0.825 = daily catabolic loss of M, in per cent. 
100 ke = 11.5 = daily percentage conversion of G, to D,. 
100(k: + k2)/log 2 = 89.9 = initial percentage rate of conversion of G to D. 
(a + 1)? = 4096 = the factor by which G increases between the end of the 3rd day 
of incubation and attainment of its terminal value, G,. 
6 = 0.833 = the ratio of actual feedback inhibition of reproduction at terminal 
equilibrium to maximum possible inhibition. 


The corresponding theoretical growth curve is plotted in Fig. 4 (crosses) 
together with the observed values (circles) for chicken growth. The corre- 
spondence is excellent except in the pre-hatching period, in which the theo- 
retical values are too low, and in the very late growth (after 202 days) when 
they are too high (Table II). The fit could be improved by choosing a later 
time than the end of the 3rd day as the beginning date for the application 
of the model. In fact, the model is quite adaptable, and an almost perfect 
solution could probably be achieved by an appropriate skewing of the curve. 
However, since the data are for total mass and are composite in any event, 
and since the values of the parameters would probably undergo only relatively 
minor changes, we have not deemed it worth the expenditure of the great 
additional effort that would be required to obtain further refinements. 

In Fig. 6, G, D, and Fy are plotted in per cent of their terminal values (see 
also Table IT) together with the corresponding percentage value for the genera- 
tive fraction, G, of the total mass, M. The changes in these entities with time 


"The value of 14 for m signifies that in order to obtain this solution it was neces- 
sary to set the negative feedback proportional to the square root of G (Equation 
6a), thus proving the adequacy of the accessory feedback term (sce pp. 16 and 17). 
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are all quite plausible from the point of view of biological growth. By the end 
of the 7th day, G has declined to about 13 per cent of M, and this percentage 
drops gradually during further growth to about 8.5 per cent at 202 days, when 
the chicken has attained 82.5 per cent of its terminal size. The fact that during 
early growth, the increase of Fy is much more rapid than that of G or D is not 
entirely unexpected. To be sure, the percentage of the final number of in- 
hibitors might be expected to increase at a rate comparable to G or D because 
of their production by either G or D. However, the negative feedback, being a 
function of the inhibitor concentration, depends not merely on the number of 
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inhibitors but also on the volume of the dilution pool in which they are dis- 
tributed. This volume is, of course, very small in the early embryo so that at 
this time the concentration of the inhibitors in percentage of its final value 
might be expected to be relatively large compared with the corresponding 
percentages of G or D, as is required by the solution. 

The relative masses of the components of the system (taking G, = 1) are 
plotted in Fig. 7. This figure illustrates the cumulative catabolic loss of D. 
It can be seen that at about 232 days this has added up to an amount almost 
equal to the actual weight of the system on that day. The value of k indicates 
a turnover of D in the adult equal to M, every 121 days. From the value of 
ke it follows that in the adult it takes 8.66 days to convert an amount of G 
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equal to G, into D. This is the replacement for D catabolized in the same in. 
terval. 

The relative amounts of D contributed by the two terms D, and D, (see 
p. 17) for the rates of production of differentiated mass are clearly shown. 
The maintenance component, D., contributing a constant fraction (kG) of 
G is seen to play a minor role in the first 50 days; while the accretion com- 
ponent, D,, which is under feedback regulation, hence contributes a variable 
fraction of G, has almost ceased to contribute by the 200th day. 

The relative contributions of differentiation, negative feedback, and cata- 
bolic loss to the solution are shown in Fig. 2. The baseline, or 100 per cent 
line, represents the mass corresponding to the complete solution. The other 
curves describe the growth relative to the complete solution when differenti- 
ation, negative feedback, and catabolic loss are omitted from the solution in 
various combinations, leaving all rate constants and other parameters un- 
changed. It is clear from this graph, as well as from the values of the pertinent 
parameters, that all three factors make major contributions to the solution. 

This completes the first phase of the analysis. To sum up, we have outlined, 
on the basis of certain general considerations, the mathematical skeleton for a 
generalized model of biological growth. However, in order to formulate differ- 
ential equations amenable to integration, it was found necessary to introduce 
a provisional form for the feedback function in terms of the generative mass. 
The approach to the solution of the model had then to be modified. The single 
problem whether this model would yield consistent solutions when solved for 
empirical growth data, had to be rephrased into two separate questions: (1) 
In what way must the negative feedback be postulated to vary in order to 
obtain a consistent solution for the growth component of the model? and (2) 
Is this postulated variation in satisfactory agreement with the feedback com- 
ponent of the model? Thus, the growth and feedback components have first 
to be considered separately. Since we have derived above a consistent and 
reasonable solution for the growth component of the model, the postulated 
feedback is defined (Table II and Fig. 6) and it now remains to answer the 
second question framed above. 


SOLUTIONS OF THE DIFFERENTIAL EQUATION FOR THE FEEDBACK COMPONENT 
OF THE MODEL 


Equation 11 on page 19 describes the change in number of inhibitors with 
time for the four possible mechanisms of inhibitor production. By substituting 
the boundary values for attainment of terminal size, at which time d/ = 0, 
we obtain the relation, 


ki(Ge ; D. ; heGe > keG.) = kel. . (19) 
Substituting in Equation 11 gives, 
dI = kl[G/G, ; D/D. ; dG,/keG. ; dGa/kxGe\. — 1) dt. (20) 
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Integration of this equation in conjunction with Equations 15, 18, 7, or 8 would 
lead to an expression for J as a function of time, for any given value of ks, 
the inhibitor decay rate. Letting m2 = ks/nay, solutions can be obtained 
conveniently for integral values of m2 corresponding to values 0.035556, 
0.071111, 0.10667, 0.14222, 0.17778, 0.21333, etc., for ks, as m2 varies by in- 
tegral steps from 1 to 6, etc. 

For the two cases in which the inhibitors are produced either by the process 
of differentiation (dGz) or the process of reproduction of G (dG,), solutions to 
Equation 20 in closed form are readily obtained for integral values of m2 (or 
in open form for non-integral values). However, since these solutions have 
led to quite absurd curves for the growth of V we have excluded them from 
detailed consideration. This is one of the instances in which the quantitative 
interrelationships established by the model have made it possible to rule out 
unrealistic alternatives, the inadequacy of which could not otherwise have 
been ascertained. 

For the case G—>J (p. 19), in which the inhibitors are produced continually 
by G, Equation 20, upon substitution of the explicit value for G from Equa- 
tions 15 and 16, yields the equation, 


t 
(I/T ets _~% / (e* — a)sDe-* dz x (21) 


A sample solution, illustrating the case m2 = 3, corresponding to an inhibitor 
decay rate of 0.10667 is, 


(1/I.) = eh 
* — 6ae* + 180% — 120% — 3ate-*) | (22) 
—[(a+ 1)? — 6a(a + 1)? + 180*(a + 1) — 12a* log (a + 1) — 3a*/(a + 1)] 


Values of 1/J, corresponding to solutions of Equation 22 are tabulated in Table 
II. Since computation of values of J/I, for the early growth period, especially 
for high inhibitor decay rates, would have required calculations to an accuracy 
of far more than 10 decimal places, we have dispensed with computing data 
for this period, which explains the early gaps in Table II (and Figs. 8 and 9). 

For the case DJ, in which the inhibitors are produced continually by D, 
Equation 20 can only be solved in open form and since, moreover, the solution 
is far too complex to be of practical use, it was necessary to return to the 
original system of differential Equations 10, 13, and 20 and to solve them with 
an electronic analogue computer which was at our disposal. The values of 
I/I, which were thus obtained are tabulated in Table II. 


COORDINATION OF THE FEEDBACK COMPONENT WITH THE GROWTH COMPONENT 


Several conditions are imposed on the complete solution to the model by 
the separate solutions for the growth and feedback components. 
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From Equations 4 and 6 a it follows that, 


G" —G> 
F, = = a 
Gr ge 7 C/G) 


while by definition, 


(I/V)* _ (I/I.)* 


(C/C) = (I./V)* (V/Ve"" 





(23 a) 


The values of Fy at any given time can be computed from the values of G 
given by Equation 15 (see Table II). Equations 23 and 23 @ must be fulfilled 
by the solution to Equation 20. Since Fy is known and J/J, can be computed 
from solutions to Equation 20, the above conditions can be expressed as, 

ae (I/T.) 

V/V. = (/Fy)" P (24) 
Since the numerator is derived from the feedback component and the denomi- 
nator from the growth component, Equation 24 reveals a rule of coordination 
between the two components. Thus, one test of the consistency of the solutions 
is furnished by the character of the growth curve for the volume of the di- 
lution pool, V, which these solutions predict. This volume is, of course, almost 
entirely external to the organ system itself, and since it represents an ap- 
preciable component of the whole body, its growth curve ought to be expected 
to be sigmoid. 

For additional tests of consistency, information concerning the growth of 
the total mass (Mr) or volume (V 7) of the organism is required. For this purpose 
let us assume that the growth curves of both M and M, are described by the 
same solution. Since the density of the body is roughly uniform, volumes are 
roughly proportional to masses, so that we may write, 


V7(V/V >) M (V/V 7) 


- . (25) 
Vr(V./V 7.) Mr.V-/V 7.) 





V/V. = 


. _ W/V )V/V 2) 
nh delest = rT. 








animal occupied 
by dilution pool 


is of the Fraction of the 
, final volume of adult occupied 
sia “Ge _ Lthe dilution pool_j _by dilution pool 


total mass (or volume) 


Fraction of the terminal 
of the adult organism 


Thus, a second test of the consistency of the solution is the requirement for 
the fraction of the volume of the animal that is occupied by V. 
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Let us now turn to an inspection of the growth of V under the two remaining 
alternatives of inhibitor source. In deriving the growth curves for V/V, and 
V/V, from Equations 20, 21, 24, and 26, we are free to consider various possible 
values for the inhibitor decay rate, ks, and the number of inhibitor molecules 
required for the inactivation of one template, x. The cases « = 1 and x = 2, 
for values of ks = 0.10667 and 0.21333, have been selected for preliminary 
study. The curves for the growth of V expressed as the fraction of its terminal 
value, ie. V/V., are plotted in Fig. 8. From these curves it will be noted that 
the model predicts sigmoid growth of V for both alternatives of inhibitor 
source (GI; DI) for all selected values of x and &;. It is further evident 
that the predicted growth of V is of the same general character as the growth 
of the inhibitor source. This is due to the fact that the growth of the source 
(G or D) sets an upper limit for the production of the inhibitors, which in turn 
becomes the limiting factor for the growth of the dilution pool (Equation 24), 
since in the later growth period (after about 150 days) Fy approaches unity. 
From these predicted growth curves for V, it would appear that for inhibitor 
decay rates of 0.10667 and 0.21333, the relative volume of the dilution pool in 
the early growth period would assume an unreasonably high value, unless 
feedback inhibition were proportional to a higher power of C than the first 
power, for instance Fy« C*. 

To determine the size of V relative to V; (Equation 26), the constant V./V 7, 
must be estimated. This constant is the fraction of the volume of the adult 
chicken which is occupied by the dilution pool. In the adult chicken the blood 
accounts for roughly 3 per cent of the total weight or volume (25). If we as- 
sume that the total volume of the dilution pool is approximately twice the 
blood volume, a value of about 0.06 for V./V 7, is obtained, which is not un- 
reasonable. To test the consistency of the solution, only a rough approximation 
for this value is required in any event. Substituting this value in Equation 26 
leads to the curves for V/V plotted in Fig. 9. 

As can be seen, this solution predicts that the ratio between the volume of 
the dilution pool and the volume of the body of the animal will progressively 
decline with increasing age. The model further predicts that this ratio will be 
relatively large before hatching and may exceed unity. These predictions are 
in good agreement with the known relative increase in solid bulk during de- 
velopment as well as with the existence of an accessory fluid system in the 
extraembryonic area prior to hatching. Inspection of the curves (Fig. 9) also 
confirms the improbability of inhibitor decay rates as high as 0.10667, unless 
the inhibition is assumed to be proportional to a higher power of C than the 
first power; otherwise V would preempt an excessively large portion of the 
volume of the body of the young animal. An apparent minor inconsistency, 
namely, that in all solutions for the cases D-/, there is a period in develop- 
ment when V/V, dips slightly below its terminal value V./V7., may be dis- 
counted in view of the insignificance of the deviation and the rough approxi- 
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mation involved in assumptions that My grows at the same specific rate as 
M and that the components of G or D producing the inhibitors grow at the 
same specific rates as G or D. 

Thus, the general conclusion to be drawn from these two considerations, 
i.e. the growth of the dilution pool, and the fraction of the animal occupied 
by the dilution pool, is that either more than one inhibitor molecule is re- 
quired in the inactivation of one template or that the inhibitor decay rate 
must be relatively low (lower than 0.10667). Since neither of these conditions 
can be excluded on the basis of the available data, the solution to the feedback 
component can be accepted as being consistent with the solution to the growth 
component. This strengthens the consistency of the total solution and is a 
fairly good indication that the structure of the model reproduces the biological 
growth process in its most general aspects. 

The differential equations describing both the normal growth of the system 
and the behavior of the system after experimental or pathological interference, 
comprising the complete solution of the growth model, as derived from Equa- 
tions 9, 10, 20, and 21 are, 


b(1/I.)* (I/I.)* 
| ee | 


(I/I.)* 
dD = | wo +hG E - aaa | - no| dt, (28) 


dI = kI{[((G/G.); (D/D.)] — 1/I.] d (29) 


PREDICTIONS OF THE MODEL FOR COMPENSATORY GROWTH AFTER EXPERIMENTAL 
INTERFERENCE 


After developing this model we are now in a position to subject it to ex- 
perimental tests; 7.e., to try to predict the behavior of biological organ systems 
whose normal growth or size has been subject to experimental or pathological 
modifications. In each case the behavior of the model will predict a quantita- 
tive time course of events to be observed in the living object which will have 
to be verified by actual observation in order to validate our basic assumptions, 
or in the case of incongruities will have to lead to appropriate further amend- 
ments or corrections of these premises. 

Let us first consider compensatory growth following the removal of one-half 
of an organ system; e.g., one kidney, in the adult. In this case, since V is con- 
stant at the adult value, the concentration of inhibitors will simply be pro- 
portional to the number or total mass of inhibitors. If we normalize the deriva- 
tives, i.e. express dG, dD, and dI in units of G,, D., and I,, respectively, the 
special cases of Equations 27, 28, and 29 as applied to the adult are, 


dG = G(i — bI*)(log 2) dt — Glke + ki(1 — I*)] dt, (27 a) 
dD = Gike + ki(1 — I*)\(ks/ke) dt — ksD dt, (28 a) 
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dI = k{(G or D) — I) dt. 


At cessation of growth,G, = D,= I, = 1,dG = dD=dI = 0. 
These equations are only valid under the conditions, 


(1—oI*)>0 and (1— J) 20, (30) 


which is simply the mathematical expression of the fact that the inhibition due 
to negative feedback cannot exceed 100 per cent. The value of J is not restricted, 
but when J* (or the corresponding terms of Equations 27 and 28) is greater 
than unity, the terms in (1 — J*) must be dropped from Equations 27 a and 
28 a (or the corresponding terms must be dropped from Equations 27 and 28), 
and when J” is greater than 1/5, the term in (1 — 6J*) must be dropped from 
Equation 27 a, etc. It will be noted that the construction of these equations is 
such that only the & term (accretion term) is under negative feedback; the 
ke term (maintenance term) is independent of feedback. In other words, the 
process of differentiation is never completely suppressed during the period 
of growth in which the model applies, the maximum inhibition of differentiation 
being 100 &:/(k: + 2) per cent = 81.47 per cent. 

This interlocking network of differential equations describes the manner in 
which equilibrium will be restored after experimental interference; it defines 
the time course according to which increased growth compensates for the loss. 
In order to obtain these compensatory growth curves for any given set of 
initial non-equilibrium conditions, the equations must be subjected to step- 
wise numerical integration (or an equivalent process). 

Since the above equations could not be readily integrated under the con- 
ditions of the cutoff restrictions (Equations 30) with the computer at our 
disposal, we first considered the solutions in the range J S 1. This coversa 
sufficient period of initial compensatory growth to furnish preliminary data 
by which to test our basic assumptions. Equations 27 a and 28 a were thus 
simplified by removing the cutoff restrictions (Equations 30). For the initial 
conditions G = G,/2, D = D,/2, and I = I,, corresponding to removal of 
one-half of an organ system in the adult animal, the solutions for the com- 
pensatory growth of D obtained with an electronic analogue computer are 
given in Table III.® For the particular solution of the growth model being 
tested, D represents 92.85 per cent of the total mass of the adult organ system 
so that the figures for the compensatory growth of D alone are fairly repre- 
sentative of those for the total mass, and can be used as a rough guide in this 
connection. 


* The cross-bars at the ends of the columns designate the approximate times at 
which C overshoots that value beyond which the solution is physically meaningless 
(see Equations 30). Where cross-bars are lacking, the figures represent results cal- 
culated manually by stepwise numerical integration including cutoff restrictions. 
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We are not in possession of experimental data regarding the time required 
for the restoration of one-half of an organ system by compensatory growth 
in the adult chicken. From what is known of compensatory growth reactions 
after experimental interference in other animals, one would expect that after a 
relatively rapid onset the completion of recovery would take a number of 
weeks. Inspection of Table III shows that for Fy « C, the compensatory 
reaction would be relatively sluggish, particularly for G—J and low inhibitor 


TABLE III 


Predicted Compensatory Changes in Differentiated Mass after Artificial Reduction of the Organ 
System to One-Half of Its Terminal Mass 


Inhibitors produced by G Inhibitors produced by D 








Inhibition « C Inhibition « C? Inhibition « C Inhibition « C? 





Inhibitor decay ra Inhibitor decay rate I-decay rate Inhibitor decay rate 
Weeks 0.05333 0.1067 0.2133 0.05. 0.1067 0.2133 0.1067 0.2133 0.05333 0.1067 0.2133 





50.0 50.0 530.0 50.0 : 50.0 50.00 50.00 50.00 50.00 
51.1 52.0 52.8 52.6 53.70 ’ $3.3 $3.99 52.11 53.53 55.97 
53.9 58.1 60.6 61.0 62.75 . 58.7 60.65 58.16 63.25 68.49 
58.5 65.6 68.0 68.5 74.34 , 66.2 69.35 67.89 76.94 83.34 


64.5 73.4 74.3 82.6 85.39 75.3 78.17 81.08 92.57 96.03 
71.5 79.4 77.8 94.3 89.73 83.9 86.07 96.61 105.74 102.85 


77.9 83.4 80.0 90.50 93.7 92.40 111.66 112.03 104.95 


84.5 81.9 91.46 100.0 96.98 121.99 113.41 105.16 
88.8 , 94.03 104.3 100.01 125.42 111.34 103.29 


91.8 96.44 101.85 124.92 106.75 100.18 
103.14 120.63 101.25 96.75 
103.76 114.75 95.66 94.05 
103.52 


o 
f 
So 


1 
2 
3 
4 
5 
6 
7 
8 





decay rates. Accordingly, in computing complete solutions (including cutoff 
restrictions), we gave preference to those in which Fy « C*. Stepwise nu- 
merical integration for one-half day incremental steps was carried out man- 
ually. The solutions for compensatory growth after artificial removal of one- 
half or three-fourths of an adult organ system (inhibitor decay rate 0.10667) 
are plotted in Fig. 10. It will be noted that the compensatory growth curves 
have oscillatory character, in most cases at first overshooting the original 
equilibrium value. The greater the initial loss, the greater is this overshooting. 
This property of a damped oscillation which converges on the stable equilib- 
rium level is common to the manner in which many types of simple physical 
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systems (e.g., a pendulum or a gyroscope) return to equilibrium after the 
disturbance of the stable state. 

For G—I, the model predicts that the restoration of the original mass will 
take place in spurts interrupted by fairly level phases, the latter corresponding 
to the periods of overshooting by C of C., with very little overshooting (or 
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DAYS AFTER ARTIFICIAL REDUCTION OF TOTAL MASS 
Fic. 10. Predicted compensatory changes in differentiated mass (top), generative 
mass (middle), and inhibitor concentration (bottom), after artificial reduction of 
the organ system to one-half or one-fourth of its terminal mass, for the various alter- 
natives described in the text (inhibitor decay rate = 0.10667). 


exceptionally even none) of the original size. On the other hand, for D—/ 
the original size is reached in a single spurt followed by appreciable over- 
shooting of several weeks duration. In both cases the time required to reach 
the original size level is longer from a residual mass of one-fourth than from a 
residual mass of one-half, although overshooting is more pronounced in the 
recovery from one-quarter, at least for D—. 

The generative component of the total mass overshoots in all cases, much 
as was just described for the total mass. For G—>J, the generative mass stabi- 
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lizes relatively quickly, undergoing damped oscillation about the terminal 
equilibrium value, whereas for D->], the generative mass is sapped by the 
continuing differentiation without being replenished commensurately by re- 
production (at least as long as C* > 1) dropping to a very low level before 
rising again. Although the computations have not been carried out, one might 
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DAYS AFTER ARTIFICIAL REDUCTION OF TOTAL MASS 

Fic. 11. Predicted compensatory changes in differentiated mass (top), generative 

mass (middle), and inhibitor concentration (bottom) after artificial reduction of 

the organ system to one-half of its terminal mass; solid curves, Fy « C*; broken 
curves, Fy « C; inhibitor decay rates, a = 0.21333, b = 0.10667, c = 0.05333. 








assume that in the latter case, too, G will subsequently converge upon the 
equilibrium value in an oscillatory fashion. This behavior of G would appear 
to rule out the assumption D—/, at least for ks = 0.10667, for a loss of G of 
such magnitude would be highly unlikely. This does not exclude the possibility 
that G suffers some less extensive drain. 

Because of the excessive sapping of G for DI and ks = 0.10667, the in- 
hibitor decay rate had to be reexamined. In Fig. 11 we have plotted the results 
of these computations (carried out manually in the same manner as above) 
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for DI, Fy « C’, and ks values of 0.05033, 0.10667, and 0.21333 (corre- 
sponding to half-lives of 13, 644, and 344 days, respectively*); and for D—/, 
Fy « C, and ks = 0.21333. It is clear from these curves that the system under 
investigation becomes more stabilized and sensitized as the inhibitor decay 
rate (ks) is increased. At an inhibitor decay rate of 0.21333 (Fy « C*), Gis 
sapped only to 42.2 per cent of G, before damped oscillations about G, set in. 
From the dashed curve it can be seen that high inhibitor decay rates appear 
to add to the stability and sensitivity of the system (see Table III) also when 
Fy « C, although recovery is only about half as rapid. 

In view of these computations for compensatory growth after experimental 
interference in the adult, it would seem unlikely that the inhibitor decay rate 
could be much less than 0.21333 (half-life, 344 days) if DI, for otherwise 
the system would be too unstable because of the excessive drain on G. By con- 
trast, if G—J, the system is more stable and admits of a wider range of in- 
hibitor decay rates. 

Turning from compensatory reactions of the adult to those observable in 
young animals still in active growth, the computations of the predicted time 
course become more complex because of the concurrent expansion of the di- 
lution pool. This can be taken into account by utilizing the general solution 
given by Equations 27, 28, and 29 with cutoff restrictions. Values of V4/Va, 
can be computed from Equation 22 or estimated from the curves in Fig. 8. 
We chose 61.5 days as the sample age for these computations. The computa- 
tions were carried out for experimental reduction of the given organ system 
by one-half or three-fourths of its mass, for both G—J and D-— I, assuming 
Fy « C* and ks = 0.10667. (Even though, according to what we said in the 
preceding paragraph, the value introduced for ks is presumably too low, this 
fact does not alter the comparative features and resulting conclusions drawn 
from the curves presented.) The starting weights and concentrations were 
derived from the corresponding standard values in Table II. Stepwise nu- 
merical integration was done manually in the same manner as above. The 
results are represented in Fig. 12, in which the values for mass for successive 
days taken from Table II are set at 100 per cent (dashed baseline) and the 
ordinates plotted as percentages of these standard values of the normal growth 
curve. These normal values were also computed by numerical integration and 
found to agree with the results obtained from the integrated solutions given 
by Equations 15 and 18. 

These curves for the young animal show essentially the same character as 
those for the adult but differ from them in that they more nearly resemble one 
another for G—J and D-— J, including the fact that overshooting occurs 


* Half-lives of 3 and 5.5 days for antibodies of approximate molecular weights of 
900,000 and 160,000, respectively, have recently been established by Taliaferro 
and Talmage (26). 
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in both cases. The reason for this difference is that in the young animal the 
overshooting of the inhibitor concentration (or mass) over its standard value 
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80 90 100 
AGE IN DAYS 
Fic. 12. Predicted compensatory changes in differentiated mass (top), generative 

mass (middle), and inhibitor concentration (bottom), after removing one-half or 

three-fourths of the mass of an organ system during the early growth phase of the 


chick (61.5 days) in percentages of the standard masses attained at the correspond- 
ing ages (as given in Table IT). 


is less and occurs later. The apparent stabilization of G for D — J is due to the 
fact that the period of compensatory growth represented in the curve is too 
brief to have permitted C to overshoot C,, because of the concomitant increase 
of the volume of the dilution pool. Presumably, if the curves for the young 
animal had been continued for a longer period, their later course would have 
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resembled that of the adult more closely. Accordingly, a critical test of the 
source of the inhibitors, whether D — I or G— IJ, could be more readily achieved 
in the adult than in the young animal. 

The compensatory reactions described in the preceding pages have been 
engendered by the partial removal of an organ system as a source of inhibitors 
(see point (a) on p. 6). As discussed in the introduction, a sudden decrease 
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DAYS AFTER REDUCTION OF INHIBITOR CONCENTRATION 
Fic. 13. Hypothetical growth reactions of the differentiated mass (top), and 
generative mass (middle) of an organ system and of the inhibitor concentration 
(bottom), after reduction of the latter to 80 per cent of the value at growth equilib- 
rium (inhibitor decay rate = 0.21333). 





of inhibitor concentration without diminution of their source must also be 
considered as a possibility. This might occur as the result of infusion into the 
pool of organ debris which would bind inhibitors (see point (5) on p. 8) or 
by an artificial increase in the liquid volume of the pool. Calculations for the 
reactions to be expected after such sudden decrease of C have been carried 
out for a sample drop of 20 per cent (corresponding to about one day’s yield 
of inhibitors) for D—J and G—I with ks = 0.21333. The results are plotted 
in Fig. 13. In both cases the given organ system shows a spontaneous spurt of 
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growth leading to an excess of mass which in one case (D-—/) is transitory 
while in the other case (G—/) it is protracted over an extended interval with 
indication of eventual asymptotic convergence upon the equilibrium level. 


DISCUSSION 


Most of the difficulties that have barred satisfactory progress in solving the 
problem of growth are inherent in the nature of the problem. In the first place, 
the term growth has many connotations, differing among biological disciplines 
and varying with the objects of study and the criteria and scales of measure- 
ment chosen. Secondly, even confining attention to just the common core of 
all current concepts of growth, one is still left with a process so complex and 
intricate as to defy the simple and unified treatment that could be accorded 
an “elementary” process. For this reason, most past formulations of growth 
either had to remain so strictly empirical as to lack analytical and predictive 
value, or had to resort to highly unrealistic simplifications. The formulation 
presented in this paper is an attempt to strike some balance between these 
extremes. 

For a summary exposition of the composite nature of the growth process, 
the reader may be referred to a recent review by the senior author (27). Growth 
was resolved there into a number of tributary processes, some adding, others 
subtracting from, the total tally, which is its measurable index. Some of these 
components have been listed in points 1 to 4 on pages 5 and 6 of the text. 
To take them into account separately, instead of treating growth as a single 
entity, is a major step in approximating reality more closely. Unfortunately, 
their logical separation cannot be matched by an equally clear-cut dissociation 
in practice, hence our procedure suffers from a certain indefiniteness, even 
though much less so than does the conventional lump treatment. Admittedly, 
numerical values assigned to those not readily dissociable categories (e.g., 
generative mass, differentiated mass, dilution pool) can be no more than con- 
jectural. However, the fact that our equations based on these values have 
yielded results and led to predictions which either could be directly verified 
or are at least plausible and testable, strengthens the confidence in the correct- 
ness of the premises. 

It is this inner consistency between theoretical predictions and practical 
experience which is the main strength of our model. That it fits the empirical 
growth curve of the chick as well as it does (Fig. 4) is not crucial—this could 
be achieved simply by introducing as many arbitrary parameters as were needed. 
What is essential is that without additional assumptions and ad hoc corrections, 
we could derive from the formula reasonable—and at least qualitatively 
verified—predictions of how a growing system attains stationary size equi- 
librium, maintains it, and restores it after disturbances such as artificial removal 
or addition of organic mass. 














40 MODEL OF GROWTH AND GROWTH CONTROL 


Our model shares with some past models of growth the feature that it re- 
produces the standard empirical growth curve, which has sigmoid shape. 
Unlike some older models, however, it has been derived not from purely formal 
assumptions but from considerations of known biological facts; and contrary 
to all former theories, including those based on biological considerations, it 
attributes the sigmoid decline and eventual arrest of growth not to an auto- 
matic passive deterioration of the growth potential of the system, but to an 
active self-inhibitory mechanism; not to a progressive depletion of endow- 
ment or exhaustion of resources or accumulation of inert products or impair- 
ment of access to nutrient, etc., but to the continual production of inhibitory 
compounds by each cell type for its own type, in the absence of which growth 
would go on unchecked. The basic premises underlying this hypothesis have 
been reported previously (1). Although for lack of sufficiently comprehensive 
data on individual organ growth, we had to use growth measurements of the 
whole chick, as if all body substance were producing one single kind of in- 
hibitors indiscriminately, it should be borne in mind that the phenomena of 
organ-specific self-regulatory growth require the assumption of organ-specific 
inhibitors. 

By its very nature, our whole treatment must be regarded as, at best, grossly 
approximative and the following cautionary qualifications should be em- 
phasized. 

One of the basic distinctions of our model is that between generative mass 
and differentiated mass. Logically, the distinction is cogent, but practically, 
it is blurred. Differentiated mass, by definition, can be equated with that 
fraction of a living cell or tissue, which is reproductively sterile (7.e., does not 
itself produce more of its own kind). Generative mass, then, is that part of 
the system which does have the faculty to reproduce more of its kind. But this 
is as far as we can go. Any closer identification of the latter category with 
given spatial or chemical entities is defeated by our ignorance of the mode of 
protoplasmic reproduction. The essentiality of the genes as a minimum require- 
ment is taken for granted. But the realization that reproduction of specialized 
cell types is type-specific despite the supposed identity in all somatic cells of 
the genome (not of the nuclei!), necessitates the inclusion of a much larger, 
extragenic, system (including the templates of our hypothesis) in the definition 
of “reproductive units” of a cell (see Weiss (9)). Speaking of a cell, a self- 
reproductive unit then becomes a highly complex system of interacting molecu- 
lar species, too inadequately understood to decide which cell constituents 
are instrumentally involved in protoplasmic reproduction and which are dis- 
pensable bystanders. It is equally indeterminable at present whether a given 
specialized cell product has originated by direct conversion of generative into 
differentiated substance or has been synthesized secondarily with the aid of 
such primary conversion products. 
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For tissues whose proliferative sources are confined to localized regions 
(e.g., skin, bone marrow, intestine), the non-proliferative portion can at least 
roughly be circumscribed as differentiated mass, although the proliferating 
portion undoubtedly also contains a certain unknown proportion of differ- 
entiated mass. For individual cells, however, no similar spatial segregation is 
discernible, and we must content ourselves, for the present, with the acknowl- 
edgment of the two types of cell content—generative and differentiated—with- 
out being able to establish their ratios. 

The dichotomy between a cell engaging in either propagation or differenti- 
ation has long been recognized and even formulated into some sort of exclusion 
principle between two alternative processes (e.g., Strangeways (28), Schmal- 
hausen (23)). What this means is that substances and energy resources of a 
cell can be channelled either into reproducing more generative protoplasm— 
thus augmenting the generative potential—, or alternatively, into manu- 
facturing specialized products (secretions, myofibrils, cilia, pigments, etc.)— 
correspondingly reducing the generative potential. That such a draining off 
of generative mass into differentiated products is a general occurrence, seems 
beyond question. But quantitatively, not even the orders of magnitude of the 
systems involved have been determined. Thus, the numerical predictions of 
our model about the ratio between G and D are wholly tentative, their only 
support being that they have led to no implausible conclusions. 

A similar uncertainty attaches to the quantitative definition of the dilution 
pool. Its minimum size is naturally given by the total volume of the liquid 
spaces (vascular and extravascular) of the body. But since the inhibitors can 
only act by reentering cell space, a definite, but unknown, fraction of the latter 
should be added. This fraction would be much larger if the organ-specific 
inhibitors were to enter all cells indiscriminately than if they were barred by 
virtue of their organ-specific markers from entry into any but cells of the 
matching type. 

The nature of the inhibitors is of course likewise problematic. To be freely 
diffusible, they should be relatively small molecules. Yet they must be able to 
appear in as many different species as there are cell types—or at least cell 
types subject to this type of growth regulation. It is an attractive thought 
to place them among the ribonucleotides (see Teir (29)) but this is wholly 
conjectural. 

As for their sources, the choice has been narrowed down to two possibilities, 
neither of which can at present be discounted on biological grounds. They 
must be immediate derivatives of either the generative mass (G—/) or of 
some part of the differentiated mass (D—J). Although a direct decision be- 
tween these alternatives seems for the moment unattainable, the two sets of 
curves describing the regulatory growth responses under the two conditions 
differ sufficiently to make it feasible for future exact measurements to decide 








42 MODEL OF GROWTH AND GROWTH CONTROL 


in favor of one or the other. The difference in behavior between the two is 
due to the greater lag in inhibitor production in the case D—J, as compared 
to G—I and consequent greater inertia in the feedback regulation of G by J. 
There are further distinctions which may be summarized here briefly. 

For G—I, the total size of an organ system would be less critically de- 
termined than it would for D—J. This is due to the fact that in the former 
case, the feedback regulates only G, which is a minor fraction of total mass, 
while D can pile up without systemic control other than its autonomous cata- 
bolic decay at the rate &;. If one added to a system already in terminal size 
equilibrium additional bulk D, this would leave the equilibrium of G and Fy 
undisturbed, hence no specific regulatory reaction would set in, except that 
the enlarged D would eventually return to the norm because of the deficit 
between its now increased catabolic loss and the unaltered rate of replenish- 
ment from G. For D—/, on the other hand, the direct regulatory function is 
assigned to the bulkier of the two components of the organ mass, thus endowing 
the system with greater sensitivity. 

It will have become evident from this discussion, that automatic growth 
reactions after disturbances, which have provided us with the elements for 
the construction of our theory and model, now gain further prominence as a 
most sensitive experimental test of the validity of the latter. The curves of 
Figs. 10 to 12 describe the changes that a growing or stationary organ system 
ought to undergo after reduction of its total mass if our model is qualitatively 
correct. The promptness of the onset of the responses, the initial rate, the 
shape of the course, and the time required to attain equilibrium are criteria 
which could be verified empirically if appropriate data were on hand. To judge 
from the meager data available in the literature (e.g., Brues, Drury, and Brues 
(30) for compensatory growth of reduced liver; Rollaston (31) for compensatory 
kidney growth after unilateral nephrectomy), our curves reproduce the char- 
acteristic course of these reactions satisfactorily. 

Quantitatively, however, our theoretical reactions seem too sluggish as 
compared to the observed values, both in regard to onset and initial rate. 
This discrepancy may be due either to insufficient sensitivity of the sample 
solutions of our model which we have tested or to the occurrence in the injured 
system of an initia] “booster” reaction (direct injury response) not covered 
by our model. Sensitivity could be increased either by introducing inhibitor 
catabolic decay rates higher than 0.21333 (note the effect of inhibitor decay 
rate on the early phase of compensatory growth in Fig. 11) or by raising the 
number of inhibitors prerequisite for the inactivation of one template unit to 
a higher value than two, making the negative feedback proportional to a higher 
power of the inhibitor concentration than C? (note also the effect of this factor 
from Fig. 11) but in view of the laborious calculations involved, such finer 
quantitative adjustments have been deferred pending the availability of more 
suitable experimental data. 





PAUL WEISS AND J. LEE KAVANAU 43 


It deserves to be stressed that the model possesses sufficient flexibility to 
admit of such quantitative adjustments without basic change of character 
or loss of inner consistency. What is needed next are more detailed and accu- 
rate empirical measurements on growth reactions after a variety of disturbances. 
One of the intrinsic merits of our model is that it specifies critical terms for 
such experiments. Once one set of accurate experimental data has been ob- 
tained and replaced the conjectural data of our formulae, it will then be possi- 
ble to check whether or not the formulae will still hold consistently under 
altered experimental conditions. If not, they will have to be emended or, if 
unremittingly inconsistent, abandoned. 

Even if our model is fully verified by future observations and experiments, 
this would not necessarily imply a validation of the specific biological hypoth- 
esis from which it has been derived, as one could conceive of alternative 
biological mechanisms of growth regulation for which our model would be 
equally valid in a formal sense. 

One feature that is definitely predicted by our model is that compensatory 
growth reactions will overshoot the equilibrium level and come to rest only 
after a series of damped oscillations—a property common to many negative 
feedback mechanisms. Under favorable circumstances such initial overcompen- 
sations might be of sufficient magnitude to be detectible. In fact, the literature 
contains some scattered data that show the effect although it seems to have 
been either overlooked or discounted as experimental error. It should receive 
special notice in future investigations. 

This last point reemphasizes the major service our model can render in the 
future, which lies in its posing concrete problems for quantitative experimental 
tests. The results of these tests, in turn, will lead to improvements of the model. 
Even in its most perfected form, however, the model will at best represent 
only the major carrier wave of growth and growth control, upon which the 
effects of many additional factors influencing growth would be superimposed 
(e.g., differential spatial distribution of elements; accessibility and competition 
for nutrients and specific growth factors; hormonal conditioning, stimulation, 
and inhibition, etc., see Weiss (27)). If some of these were eventually to be 
resolved into effects on specific components of our model, the latter would 
thereby gain in universality. But for the time being, a more restrained inter- 
pretation of the underlying theory as representing merely one, rather than 
“the,” principle of growth regulation is definitely indicated. 


SUMMARY AND CONCLUSIONS 


A practicable model of the growth process, which gives better definition to 
the problems of growth and growth regulation and greater precision to experi- 
mental work bearing on these problems than do earlier models, has been devel- 
oped. 

A. The basic assumptions on which this modei is predicated are: 
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1. “Growth,” as the measured gain of organic mass of a circumscribed living 
system, is the net balance of mass produced and retained (incremental com- 
ponent) over mass destroyed and otherwise lost (decremental component) 
within the given boundaries. 

2. The mass of an organic system is regarded as consisting of two functionally 
different components: 

(a) the generative mass, comprising the instruments of protoplasmic repro- 

duction which remain in reproductive activity, and 

(0) the differentiated mass, derived from the former and consisting of terminal 

products and other secondary derivatives that do not possess the ability 
to reproduce. 
3. Each specific cell type reproduces its protoplasm by a mechanism in which 
key compounds (“templates”) characteristic of the particular cell type act as 
catalysts. Each cell also produces specific freely diffusible compounds antago- 
nistic to the former (“‘antitemplates’”) which can block and thus inhibit the 
reproductive activity of the corresponding ‘‘templates.” 
4. The “antitemplate” system acts as a growth regulator by a negative “feed- 
back” mechanism in which increasing populations of “antitemplates” render 
an increasing proportion of the homologous “templates” ineffective, resulting in 
a corresponding decline of the growth rate. 
5. The attainment of terminal size is an expression of a stationary equilibrium 
between the incremental and decremental growth components and of the 
equilibration of the intracellular and extracellular “antitemplate” concen- 
trations. 
6. Both components of living systems, the generative mass and the differentiated 
mass (including the ‘‘antitemplates”), undergo continual metabolic degradation 
and replacement. 

B. Differential equations expressing these interrelationships have been 
formulated and integrated. The parameters of the general solution have been 
evaluated for chick growth, and the resulting specific solution has yielded 
wholly reasonable values for the parameters and predictions for other charac- 
teristics of a biological system and its growth. 

The model predicts, for instance, that the fraction of the total body volume 
occupied by the dilution pool, in which the “antitemplates” are dispersed, is 
initially relatively large, and declines progressively, with the absolute increase 
of the pool following a sigmoid course. These predictions are in good agreement 
with known facts. The model further indicates that either more than one 
“antitemplate” is required to inhibit the corresponding “template” or that the 
catabolic rate of loss of “antitemplates” must be relatively low. Perhaps the 
main value of the model lies in lending itself to the formulation of such rather 
specific questions that can be submitted to experimental tests. 

C. One of the major tests of the model came from investigating its ability to 





PAUL WEISS AND J. LEE KAVANAU 45 


predict the course of automatic growth regulations after experimental or 
pathological disturbances. In agreement with common biological experience, 
the model has reproduced adequately the compensatory spurt of growth of a 
tissue mass artificially reduced while within the overt growing stage, as well as 
the automatic resumption of overt growth by the remainder of a mass reduced 
after having reached terminal size. In addition it predicts that the equilibrium 
will be restored, under most conditions, by an oscillatory process, with initial 
overshooting of the steady-state level, as is characteristic of many negative 
feedback systems. Furthermore, according to the model, after artificial reduc- 
tion of “‘antitemplate” concentration in the pool at terminal equilibrium (e.g., 
by increasing the dilution volume or by inactivating “antitemplates’’), growth 
should resume “‘spontaneously;” that such a phenomenon can actually occur, 
is likewise indicated by biological observations. 


APPENDIX I 


Glossary of Terms and Symbols 


b = ratio between actual feedback inhibition at terminal equilibrium and 
potential complete inhibition. 
8 = proportionality factor between the negative feedback and C”’. 
C = concentration of inhibitor molecules. 
D = differentiated mass of the organ (or organ system). 
D-I = inhibitors produced continually by D. 
= rate of conversion of G to D by the maintenance component of dif- 
ferentiation. 
= rate of conversion of G to D by the accretion component of differen- 
tiation. 
= subscript referring to terminal size. 
= feedback term as a function of C. 
= feedback term as a function of G. 
= normalized feedback, i.e. feedback expressed in fractions of its termi- 
nal value. 
= feedback inhibition proportional to the xth power of C. 
= generative mass of the organ (or organ system). 
= inhibitors produced continually by G. 
= change in generative mass resulting from conversion of G to D. 
= change in generative mass resulting from reproduction of G. 
number of inhibitor molecules. 
= rate constant for the accretion component of differentiation. 
= rate constant for the maintanence component of differentiation. 
= rate constant for the catabolic loss of D. 
= tate constant for the formation of inhibitor molecules. 
= rate constant for catabolic loss of inhibitors (inhibitor decay rate). 
= natural logarithm. 
M = total mass of the organ. 





~ 


13. 
14. 
15. 
16. 
17. 
18. 
19, 
20. 
21. 
22. 
23. 


24. 
25. 
26. 
27. 





MODEL OF GROWTH AND GROWTH CONTROL 


Mr = total mass of the body. 
o = subscript referring to initial size (at zero time). 
t = physiological time = the period required for a unit of G to double in 
the absence of differentiation, feedback inhibition, and catabolic loss, 
V = volume of the dilution pool. 
Vr = total volume of the body. 
x = number of inhibitor molecules required to inactivate one template. 
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ABSTRACT 


Rat kidney cortical slices, during incubation im vitro, lose previously accumulated 
radiosulfur when exposed to conditions (e.g. addition to the medium of metabolic 
inhibitors) which normally depress the uptake of S**. The extent of this loss is not 
affected significantly by the presence of phlorhizin, an agent which enhances mark- 
edly radiosulfate accumulation. On the other hand, when tissues are chilled to 1°C., 
loss is slight or negligible even in the presence of metabolic inhibitors. These data, 
and observations on the effect of pre-incubation of kidney slices in S**-free media 
before the addition of radiosulfate, have been interpreted as evidence that S*® ac- 
cumulation in vitro may be resolved into at least two processes, namely (a) entrance 
of the isotope-labelled anion into the cells, by diffusion and/or active transport, 
and (b) complexing of S** (in ionic or other form) with an intracellular component. 
The postulated complex is stabilized, perhaps through inactivation of a specific en- 
zyme, by chilling the tissue to 1°C. Possible relationships are discussed among the 
observations noted above, sulfur metabolism in general, and aspects of the known 
in vivo transport mechanism for sulfate ion; i.e., renal tubular reabsorption. 


INTRODUCTION 


The rapid uptake of radiosulfur from radiosulfate containing media by 
surviving mammalian kidney and liver tissues has been established and de- 
scribed in some detail in the past. As noted earlier (1, 2), this accumulation is 
quite distinct from the slower processes concerned in sulfate incorporation 
into mucopolysaccharides, ethereal sulfates, etc., described by various workers. 
The former phenomenon continues to be of interest because of parallels with 
the known in vivo reabsorption of sulfate ion by the mammalian kidney (2-5), 
and also because of its possible relationship to cellular sulfate metabolism and 
active transport in general. In in attempt to describe the process more pre- 
cisely, experiments summarized in the present report were carried out, with 
observations on S® uptake by, and particularly loss from, renal tissue under a 


/ * This investigation was supported by a research grant, No. H-2061(C), from the 
National Heart Institute, Public Health Service. 
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variety of defined conditions. Thus, on @ priori grounds, it may be inferred that 
renal transport (tubular reabsorption) of sulfate must be dependent on at 
least three processes, (a) diffusion and/or active transport of the ion into renal 
cells, (b) transfer of the anion within the cells from luminal to peritubular capil- 
lary surfaces, and (c) passage of sulfate from the cells into the peritubular 
fluid. On the basis of the demonstrated resemblance between radiosulfate 
accumulation in vitro and sulfate reabsorption in vivo, and by analogy with 
in vitro accumulative processes for phenol red and other dyes (6-8), it would 
appear possible that the radiosulfur uptake of renal cortical slices might be 
differentiated into its individual steps by appropriate manipulation of the ex- 
perimental conditions. Such fractionation of the over-all process of accumu- 
lation should be helpful in analyzing the mechanisms concerned in effecting it. 
The studies described below were carried out in order to explore this possi- 
bility in the case of radiosulfur uptake by rat renal cortical slices. 


Methods 


As in previous work (1, 2), thin (0.3 to 0.4 mm. thick) slices were obtained from the 
renal cortex of albino rats, and were incubated in media composed of defined mixtures 
of solutions of various salts and simple sugars, containing, in addition, tracer radio- 
sulfate in known concentration. Incubation was carried out in a standard Warburg 
apparatus with conditions such as composition of the atmosphere and incubation 
medium, and duration and temperature of incubation, varied over a fairly wide range. 
Subsequently, the radiosulfur content of every tissue sample was measured as de- 
scribed earlier (2) by means of a flow counter (helium-isobutane), and the S** level 
was then related to the measured water content and dry weight. Calculations were 
made of the virtual volumes of tissue S* distribution (expressed as per cent of total 
tissue water, and designated “tissue relative sulfate volume,” or TRSV), and S* 
uptake was also estimated in terms of absolute activity (counts per minute) per unit 
of dry weight. Technical aspects of the method, as well as the errors inherent in their 
use, have been given elsewhere (1, 2) and consequently they will not be discussed 
here.? 


In general, three types of experiments were carried out, as follows: (a) After renal 


1 In order to simplify the presentation to follow, the usage of certain terms may be 
noted here. (¢) The words and formulae radiosulfur, radiosulfate, S**, and S**O, may 
be used almost interchangeably in the discussion, without specific inference that the 
form of accumulated S* in renal tissue is known to be ionic sulfate. Indeed, the 
identity of S** existing in renal tissue after uptake from incubation media is still 
unknown, although there is presumptive evidence that part of it may be in a form 
differing from sulfate. Some of the radiosulfur is, no doubt, in the form of sulfate ion, 
if only because of its solution in interstitial fluid. (6) The term incubation, as used in 
the discussion below, always refers to conditions in which the tissues were agitated in 
Warburg flasks with oxygen atmosphere (shaking rate = 100 to 115/minute). The 
term immersion refers to circumstances in which the renal slices were allowed to stand 
quiescently immersed in fluid, with room air as atmosphere. 
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strips had accumulated S*, various agents known to inhibit in vitro uptake were added 
to the incubation medium. Observations were made as to whether loss of S** occurred 
in these circumstances. (b) Measurements were carried out to assess the effect of 
drastically reduced temperature on renal tissue, before and after radiosulfur uptake 
had taken place. (c) Studies were made of the effect of a period in which the tissues 
were incubated under the artificial conditions optimal for S** accumulation pricr to the 
addition of S**. In these experiments comparisons were made of radiosulfate contents 
in the presence and absence of phlorhizin, the only agent known to enhance radio- 
sulfate uptake by the kidney. The reasons for carrying out the experiments according 
to this plan will be described in more detail below, in connection with the presentation 
of their results. 


RESULTS 


1. Effect of Addition, After Accumulation Had Taken Place, of Agents Known 
to Inhibit S* Uptake. 

When tissues were incubated at 37°C. with oxygen atmosphere in “isosmotic”’ 
(300 m.osM/liter) media consisting of 0.04 m KCl + 0.22 M sucrose + S**O,, 
marked uptake of S** occurred, in confirmation of a conclusion established 
earlier to the effect that the conditions described were optimal for S* accumu- 
lation (1). Later initiation of any of the conditions previously shown to inhibit 
uptake when present initially was found to result in variable loss of the S* 
which had been taken up previously. Such conditions included substitution of 
nitrogen for oxygen as the incubation atmosphere, and addition to the medium 
of the metabolic inhibitors 2, 4-dinitrophenol (DNP) and mercuric ion, and of 
the cations sodium and calcium. Moreover, the loss of S** from tissues, calcu- 
lated in relation to the initial uptake during incubation under optimal condi- 
tions, was not significantly different if the enhancing agent phlorhizin (4.5 
10-* M) was present in the medium (Fig. 1). A simple hypothesis which would 
be consistent with these findings is that accumulated S* is maintained in a 
highly labile form in kidney cortical slices during active metabolism. Loss of 
S* may occur continuously and simultaneously with uptake, and the intro- 
duction of an agent known to inhibit net accumulation shifts the over-all 
process in the direction of loss. If this interpretation is correct, it may be con- 
cluded, further, that the demonstrated enhancing effect of phlorhizin on net 
uptake is probably exerted through acceleration of the accumulative proc- 
ess(es), rather than by inhibition of reactions concerned in loss of S**. 

2. Effect of Reduced Temperature.—In previous studies of radiosulfur accumu- 
lation, it had been found that tissues which had taken up the isotope during 
conventional agitation in the Warburg apparatus lost much of the radiosulfur 
when they were allowed to stand quiescently in the same medium and cool to 
room temperature (1). Consequently, it seemed of interest to chill S**-containing 
tissues towards 0°C. under the same conditions, and compare the alterations 
of S* content with those occurring at the higher temperature range (20-25°C.). 
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Fic. 1. Effect of initiating conditions known to depress S** uptake after some 
accumulation of the isotope had occurred. 

Fic. 1 A. Tissues were incubated in 1.9 ml. (0.04 m KCl + 0.2 m sucrose + S*50,") 
for 30 minutes, O2 atmosphere. At the arrow, 0.1 ml. of fluid was added from the side 
arm of the Warburg flask, or the incubation atmosphere was changed from O; to N:. 
Fluids added from the side arm were 0.3 m sucrose (Control) or water solutions of one 
of the following: NaCl, CaCl, HgCle, DNP, in final concentrations in the medium 
of 1 X 107m, 1 X 10m, 1 X 10°, and 5 X 10-* m respectively. Curves on the 
right side of Fig. 1 A show the effect of the presence in the incubation medium of 
phlorhizin, 4.5 X 10-* m. Temperature maintained at 37° C. throughout. Points 
represent means, vertical lines represent 2 standard deviations. Every figure ob- 
tained from 6 experiments. 

Fic 1. B. Data from Fig. 1 A replotted to compare relative changes in S** content 
in the presence and absence of phlorhizin. All data following change in incubation 
conditions calculated as per cent of the S** content at the end of the initial 30 minute 
period of accumulation. 





INGRITH J. DEYRUP 53 


Tissues which had been incubated in 0.04 m KCl + 0.22 m sucrose + S*O," 
at 37°C. were allowed to stand quiescently in similar media contained in vessels 
packed in crushed ice. Under these conditions, the temperature of the immer- 
sion medium remained close to 1°C. throughout the observation period. Sur- 
prisingly, it was found that no S* whatsoever was lost from the chilled tissues, 


TABLE I 
Change of S*® Content of Renal Cortical Tissue during Immersion at 1°C. 

Slices had accumulated S® during 30 minute incubation in 0.04 m KCl + 0.22 m sucrose + 
S*0,~, 37°C., O2 atmosphere. They were transferred to fresh media of varying composition, 
with S* content identical with that of the initial medium, and were then maintained for 30 
minutes at 0°C. Tissue content is expressed as per cent of S*® content at the end of the 30 
minute initial incubation in KCl-sucrose. Each figure represents a mean of 6 experiments, 
with standard deviation indicated. Calculations based on: 





Composition of immersion medium Tissue — sulfate Spy 





per cent Net C.P.M./mg. dry wt. 

0.04 m KCI + 0.2 m sucrose + radiosulfate 103 + 14 125 + 29 

0.04 mw KCl + 0.2 m sucrose + radiosul- 114 + 40 128 + 16 
fate + DNP 5 X 10° mu 

0.04 mw KCl + 0.2 m sucrose + radiosul- 53 + 10 65 + 14 
fate + NaCN 107 mu 

0.04 m KCl + 0.2 m sucrose + radiosul- 89 + 32 90 + 38 
fate + HgCle 10* u 

0.04 m KCl + 0.2 m sucrose + radiosul- 105 + 7 154 + 88 
fate 








Nitrogen Atmos phere 
0.04 wm KCl + 0.2 m sucrose + radiosul- 101 + 17 119 + 
fate + ATP 107 u 
0.04 m KCl + 0.2 m sucrose + radiosul- 106 + 28 124 + 
fate + phlorhizin 4.5 X 107° u 
0.04 wm KC] + 0.11 mw NaCl + radiosul- 83 + 13 116 + 32 
fate 
0.04 M KCl + 0.2 m glucose + radiosul- 98 + 11 154 + 66 
fate 
0.15 m NaCl + radiosulfate 
0.30 m sucrose + radiosulfate 





73 + 6 89 + 11 
7224 116 + 15 





| 
| 





and, indeed, there occurred frequently a further rise in the S** content of the 
renal cortical strips during such maintenance at 1°C. Representative results 
of these experiments are presented in Table I. Cortical slices which had taken 
up S* during incubation at 37°C., and which had retained the accumulated 
radioactivity during subsequent maintenance at 1°C. for 30 minutes, lost it if 
the slices were warmed to 37°C. while standing quiescently (Fig. 2). 

Most of the agents known to inhibit S** uptake in vitro, if added prior to 
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incubation, or to cause loss of the accumulated isotope when added during 
maintenance of the tissue at 37°C., were found to have little or no effect on 
S** content if they were present in immersion media maintained at 1°C. Thus, 
it may be seen by inspection of Table I that only moderate amounts of S* 
were lost during 30 minute immersion at low temperature even in Kt-free 
media (0.3 m sucrose, 0.15 m NaCl) or in solutions containing the powerful 
inhibitors of uptake, DNP and Hg**. The addition of phlorhizin and adenosine- 
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Fic. 2. Effect of cooling and subsequent warming on kidney cortical S** content. 
Kidney slices were incubated for 30 minutes in 0.04 m KCl + 0.2 m sucrose + S*0,- 
at 37°C., Oz atmosphere, and the tissue S** content of aliquots of the tissue was esti- 
mated in terms of TRSV and absolute S* content (counts per minute/milligram 
tissue dry weight). Additional aliquots were allowed to stand quiescently at 1°C. for 
30 minutes in the same medium, and half the slices was then sampled for measurement 
of S** content. The other half was then warmed to 37°C., still standing quiescently, and 
maintained at 37°C. for 30 minutes before sampling. All data are expressed as per cent 
of the value at the end of the initial 30 minute incubation period. Means and 2 X 
standard deviations (vertical lines) from the results of 6 experiments are shown. 


triphosphate (ATP added as the sodium salt, 10-* m) to the medium in which 
tissues were immersed at 1°C. was also without effect on loss of S** from the 
tissue. Significant decrease in S** content occurred in the case of slices immersed 
in solutions containing NaCN (10 m), but far more was lost at 37°C. (1). 
Moreover, the S** content of kidney cortex slices was fairly stable at 1°C. even 
up to 3 hours, and in the presence of DNP, as shown in Fig. 3. Addition of in- 
active carrier (S*O,~) did not increase strikingly the lability of accumulated 
radiosulfur, as long as the immersion temperature was kept low (Table II), 
although most of the tissue S** disappeared from the slices if the medium was 
maintained at 37°C. in the presence of excess sulfate ion. 
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Fic. 3. Prolonged immersion of renal cortical slices at 1°C. and 37°C. after S* 
accumulation, in the presence and absence of DNP. Slices were incubated initially at 
37°C., O2 atmosphere, in 0.04 m KCl + 0.2 m sucrose + S*°O,-. Subsequently, they 
were immersed in fresh media of the same composition or containing, in addition, 
DNP 5 X 10-5 mM, and maintained at 1°C. or 37°C. for 180 minutes. All S** contents 
expressed as per cent of value at the end of the initial 30 minute incubation period. 
Data from DNP-free media—average of 2 experiments, with range indicated by half 
the length of the vertical lines through the averages. Data from DNP-containing 
media—means of 4 experiments, with standard deviations indicated by half the 
length of the vertical lines. 

Fic. 3 A. Percentages derived from results expressed as TRSV. 

Fic. 3 B. Percentages derived from results expressed as absolute S* contents, 
counts per minute/milligram tissue dry weight. 


The results outlined above may be taken as evidence that the process(es) 
concerned in loss of S**, postulated in section 1 above, must be reversibly blocked 
by cold. By obvious analogy to numerous other phenomena, it may be suggested 
that the loss is enzymatically catalyzed. Furthermore, most of the substances 
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known to depress S** uptake, as well as the enhancing agent phlorhizin, must 
act at steps in the accumulative process prior to or including this cold-sensitive 
step. 

3. Effect of Chilling and Preincubation on Capacity of Kidney Slices to Accumu- 
late S**—Experiments described in this section were based on a relatively 
simple hypothesis which was devised to account for the results summarized in 
sections 1 and 2 above. In order to explain the design of the experiments, the 


TABLE II 
Loss of S*° during Immersion in Presence or Absence of Carrier at 1 or 37°C. 
Figures are expressed as per cent of control, representing the S®* content of slices in- 
cubated 30 minutes at 37°C. with Oz atmosphere in KCl-sucrose-radiosulfate, with or without 


added carrier (10 4 m KoSO,4). Means + standard deviations obtained from results of 4 inde- 
pendent tests. 





Initial incubation Subsequent immersion Immersion | Tissue relative 
in in temperature | sulfate volume 





+. Per cent of control 
0.04 m KCI + 0.2 m sucrose | 0.04 m KCl + 0.2 m sucrose + 1 
+ S*0, | S¥Ox 37 37 

” “ 0.04 mw KCl + 0.2 m sucrose + 1 76 

s*0," + K2SO, 10 uw mu 37 31 
0.04 wm KCl+ 0.2 m sucrose 1 87 
only 37 8 
0.04 mw KCl + 0.2 m sucrose + 1 61 
K2SO4 10 MM 37 8 


0.04 mw KCl + 0.2 m sucrose | 0.04 wm KCl + 0.2 m sucrose + 1 150 
+ s*0,- + K2SO, 104 u Ss*0,- 37 57 

- a 0.04 m KCl + 0.2 m sucrose + 1 97 

$*®0,- 37 39 
0.04 mw KCl+ 0.2 m sucrose 1 
only 37 
0.04 mu KCl + 0.2 m sucrose + 1 
K2S0,4 10 uw uw 37 














hypothesis may be outlined explicitly as follows:—S*O, enters some or all of the 
renal cells by one or both of two processes, diffusion and active transport. 
Once inside the cell, it forms a combination, assulfate or in some other, unknown 
form, with an intracellular component which will be designated ““X”’. The com- 
plex X-S* is highly stable at low temperature (1°C.), but presumably is split 
by enzymatic action at temperatures ranging from 20-37°C. (the temperature 
range between 1 and 20°C. has not been tested as yet). Following such cleavage 
of the X-S** complex, S* is lost from the cells. The form in which radiosulfur 
leaves renal tissue is not known, but it may be assumed tentatively to be sulfate 
ion, since all preliminary experiments in which attempts were made by barium 
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or benzidine precipitation, chromatography, or extraction with organic sol- 
vents (ether, acetone, benzene, ethanol) have failed to reveal in renal extracts, 
under the conditions of the experiment, the existence of any radiosulfur-con- 
taining substance behaving differently from sulfate ion. 

On the basis of this hypothesis, and supposing that the postulated compound 
X with which S* forms a complex is a normal component of renal tissue, it 
might be supposed that S** would be taken up by kidney cortical slices in vitro 
even at the low temperature of 1°C. At this temperature, any “X-S**” formed 
might be expected to remain in the tissue because of inactivation of the loss 
process, and the system would constitute, as it were, a “trap” for S*O, dif- 
fusing passively into the cells even though metabolic activity was virtually 
abolished at the low ambient temperature. This was found to occur, as shown 


TABLE Ill 


Uptake of S*® by Kidney Cortex Slices Incubated at 1 and 37°C. for 30 Minutes with O» 
Atmos phere . 


All figures represent means and standard deviations obtained from 6 or more individual 
experiments. 





KCl-sucrose - 0.3 mw sucrose* 
37°C. _ rt. 








Tissue relative sulfate vol- 
1769 + 169 705 + 120 149 + 26 








Per cent of value at 37°C... . 100 40 + 9 8+ 1 





*In 2 preliminary experiments performed previously, it was found that the TRSV fol- 
lowing incubation in 0.3 m sucrose at 37°C. averaged 174, or 10.3 per cent of the TRSV in 
0.04 m KCl + 0.2 m sucrose + radiosulfate, at 37°C. 


in Table III. Significant S** uptake occurred in KCl-sucrose at 1°C., although 
almost no uptake took place in a K*-free solution (0.3 m sucrose) at the 
same temperature. The low virtual volume of distribution of radiosulfur of 
renal slices incubated at 1°C. in KCl-sucrose, as compared with the similarly 
determined tissue radiosulfate volume at 37°C., might be attributed to the 
slower rate of intracellular diffusion at the lower temperature. Unfortunately, 
it is not possible to test this possibility on the basis of reasonable assumptions 
about the rate of diffusion of sulfate ion through cell membranes, since there is 
no conclusive evidence yet as to the cellular elements involved in renal S* 
accumulation. Needless to say, in the absence of such knowledge attempts to 
assess the area and permeability of membranes, activity gradients, etc., involved 
would be quite meaningless. If penetration by diffusion of S**O,- to accumula- 
tive sites was not the major factor involved in the difference between uptake 
at 1°C. and 37°C., an alternative possibility might be that the hypothetical 
compound X, supposed to complex with S* or S**O,-, is present in relatively 
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low concentration in normal tissue, but is synthesized in increasing amounts 
in the non-physiological solution 0.04 m KCl + 0.2 m sucrose found to be 
optimal for S** uptake. Thus, experiments were carried out in which renal 
cortical slices were incubated for 30 minutes at 37°C. with oxygen atmosphere 
in a solution of 0.04 m KCl + 0.2 m sucrose which was free of S**O,~. Follow- 
ing this period, which will be designated “‘pre-incubation” in all of the discussion 
to follow, the slices were transferred to a fresh medium which contained radio- 





°C. 


YA 37°C. 


TISSUE RELATIVE SULFATE VOLUME 











FRESH PRE - INCUBATED 


TISSUE TISSUE 

Fic. 4. Effect of pre-incubation in S**-free media on subsequent uptake of S** by 
kidney cortex at 1 and 37°C. “Fresh tissue” was incubated for 30 minutes in 0.04 u 
KCl + 0.2 m sucrose + S*O,-, at 1 or 37°C. with O2 atmosphere. “Pre-incubated 
tissue” had been incubated at 37°C. in similar media which were, however, free of 
radio-sulfate, for 30 minutes prior to transfer to S**-containing K Cl-sucrose solutions. 
Afterwards, they were incubated for 30 minutes at 1 or 37°C. Heights of columns 
indicate means, and the vertical lines represent 2 X standard deviations, derived from 
the results of 6 to 8 experiments. 


sulfate but was otherwise identical with the initial incubation solution. When 
shaken at either 1 or 37°C. with oxygen atmosphere, the tissues now took up 
significant amounts of radiosulfur (Fig. 4). In the case of renal slices at 37°C. 
incubation temperature, tissue relative sulfate volumes were somewhat reduced 
as compared with corresponding volumes for fresh, non-incubated tissues. 
Slices which were kept at 1°C., however, showed greater uptake after pre-incu- 
bation than did fresh slices removed directly from the kidney (Fig. 4). These 
findings appear to be consistent with the hypothesis that pre-incubation affects 
S** uptake through alterations in cell membrane permeability to sulfate ion, 
rather than because of changes in the intracellular concentration of the pos- 
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tulated complexing compound X. Experiments attempting to differentiate more 
conclusively between these possibilities are planned. 

On the basis of the explanation of radiosulfur uptake outlined above, an 
approach may be made to analyzing the mechanism of action of agents known 
to affect renal S** accumulation in vitro. Of the range of agents such as these, 
including various cations, metabolic intermediates and inhibitors, three were 
studied for preliminary assessment of the type of approach envisaged. Thus, 
conditions tested represented variations in the incubation medium, namely, 
(a) presence of DNP, (6) presence of phlorhizin, and (c) absence of K+ (the K+- 
free medium used was 0.15 m NaCl). As shown in Table IV, pre-incubation of tis- 
sue slices in KCl-sucrose media containing DNP (5 X 10-*m) reduced markedly 
subsequent S** uptake from KCl-sucrose-S*O," at both 1 and 37°C. It might 


TABLE IV 
Uptake of S® by Tissues Pre-incubated for 30 Minutes in Various Media 
Pre-incubation at 37°C. Subsequent incubation at 1 or 37°C., 30 minutes, O2 atmosphere 
throughout. All data given, expressed as percentage of tissue relative sulfate volumes in 0.04 


u KCl + 0.2 m sucrose, are means and standard deviations obtained from the results of 5 
or 6 experiments. 





Subsequent uptake of S** from KCl-sucrose at 
Pre-incubation solution 





1°C. 37°C. 


0.04 m KC] + 0.2 m sucrose 100 100 
0.15 uw NaCl 72 + 21 
0.04 m KC] + 0.2 m sucrose + DNP 5 X 3447 
10> 
0.04 m KCl + 0.2 m sucrose + phlorhizin 180 + 57 
45X 10? u 














be inferred from this that the level of the S**-complexing component had been 
reduced during the period of pre-incubation. Pre-incubation in 0.15 m NaCl 
had little effect on subsequent uptake of radiosulfur, especially at 37°C. Fi- 
nally, pre-incubation with phlorhizin did not affect subsequent uptake of S® 
from solutions maintained at 1°C., but increased markedly the uptake at 
37°C. Since the evidence from the observations at 1°C. does not suggest that 
phlorhizin enhances the formation or preservation of ““X,” this agent may exert 
its action at 37°C. through facilitation of penetration of S**O,- into the cells. 
This possibility, although not in any sense demonstrated conclusively by the 
data at hand, is of interest because it is the only point at which the hypothetical 
framework erected suggests the participation of a special mechanism for trans- 
ferring sulfate to the accumulative sites of renal cells. Perhaps such evidence, if 
it can be extended and clarified, represents an approach to a process which may 
be a true active transport for sulfate ion. Additional experiments along these 
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lines are in progress. At this point, it may again be stressed that the detailed 
hypothesis presented above is, as yet, merely a formal scheme devised to ac- 
count for the observations described. Attempts to isolate the presumptive 
compound ‘“‘X-S**” are in a preliminary stage, and no steps have been taken 
as yet to identify the postulated enzyme concerned in cleaving the labile 
radiosulfur complex. 


DISCUSSION 


Studies of conditions under which radiosulfur is taken up and released by rat 
renal cortical tissue, as outlined above, are of interest in connection with the 
general problem of cellular active transport. The possible formation of a labile 
and metabolism dependent S** complex might fall into line with the suggestion 
that specific carriers, intracellular components such as those postulated by 
Shannon (9) and others, participate significantly in renal transport processes. 
Indeed, with minor differences of detail, it follows closely the schema proposed 
by Beyer (10) for renal transport of compounds which undergo secretion as 
well as reabsorption. Yet such an interpretation of the observed phenomenon 
of radiosulfate accumulation may be erroneous. Instead, the results may prove 
to reflect some aspect of a more general metabolic role of sulfur, akin, perhaps, 
to the active sulfate formation described by Robbins and Lipmann (11) or to 
renal biochemical mechanisms concerned in sulfur oxidations (12). In any case, 
elucidation of the mechanism of radiosulfur accumulation can hardly fail to be 
of interest, and it is planned to pursue the study further. Several approaches to 
the problem seem feasible. Already, analysis of the effects of inhibitors and 
phlorhizin at 37 and 1°C. have suggested differentiation of steps in the net 
S** accumulation schema. Parallelling these observations are the findings of 
Copenhaver, Hong, and Forster (13) on the blocking of loss of accumulated 
dyes (e.g. bromcresol green) from mammalian kidney slices when the tissue is 
chilled to 0°C. Thus, a possibility appears to exist of similarity in the under- 
lying biochemical patterns of these in vitro renal accumulative mechanisms. 
Further development of this approach is planned, and investigations should be 
carried out with liver and renal medulla, the only tissues besides renal cortex 
known to accumulate significant amounts of S** under the experimental con- 
ditions. Even at this stage, however, the results appear to be of sufficient 
interest to warrant discussion in relation to phases of sulfate transport and/or 
metabolism which they may reflect. 


It is a pleasure to acknowledge the skillful and painstaking assistance of Miss Elise 
Frederiksen throughout the course of this study. 
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II]. Tut Errect oF TRYPSIN AND A CATIONIC DETERGENT ON THE STRUCTURE, 
PERMEABILITY, AND METABOLISM OF THE CELL* 


By HUTTON D. SLADE{ 
(From The Rheumatic Fever Research Institute, Chicago) 


(Received for publication, March 6, 1957) 
ABSTRACT 


Electron microscopic observations of Streptococcus pyogenes (strain S43, type 6) 
treated with trypsin and cetyltrimethylammonium bromide (Cetab) are presented. 
The concentration of trypsin necessary to remove the M protein antigen was shown 
to bring about a partial digestion of the cells. The cell protoplasm and protoplasmic 
membrane were affected. No microscopic changes appeared in the cell wall. Cetab 
did not alter the appearance of the cells. 

Both trypsin and detergent altered the permeability of the cell so that citrulline 
and carbamylphosphate were metabolized. Cells exhibiting enzyme activity on these 
substrates after Cetab treatment were characterized by the release of lysine, glutamic 
acid, nucleic acid, and other cellular material. 

Enzymes responsible for the metabolism of arginine, citrulline, and carbamyl- 
phosphate were shown to reside in the cell protoplasm. Cells which had lost their 
viability after Cetab treatment still possessed the ability to utilize the latter sub- 
strates. Under similar conditions the metabolism of glucose did not occur. 

Normal cells were shown to possess the ability to fluoresce in the presence of a 
dye. The intensity of the fluorescence was reduced by trypsin treatment. 


INTRODUCTION 


The proteolytic enzyme trypsin was found by Lancefield (1943, 1954) to 
remove the M and T protein antigens from viable cells of Streptococcus pyogenes. 
The type-specific M antigen is considered by many workers to be located in 
the cell wall of the microorganism. Its presence in cell wall preparations was 
demonstrated by Salton (1953). Barkulis and Ekstedt (1955) reported that 
similar material stimulated the formation of M antibodies in rabbits. 

The effect of trypsin on the structure and metabolism of the group A strep- 


* Supported in part by a contract (Nonr-1769) between The Rheumatic Fever 
Research Institute and the Office of Naval Research, Department of the Navy, 
and a grant-in-aid from the Chicago Heart Association. 

{Established Investigator of the American Heart Association. Present address 
(after October 1, 1957), Department of Microbiology, Northwestern University 
Medical School, Chicago. 
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tococcal cell is unknown. It was of interest to investigate by means of the 
electron microscope the changes in the structure of the cell brought about by 
the action of trypsin. The removal of protein antigens indicates a digestive 
effect on the cell by the enzyme. 

Previous studies in this laboratory have shown that the intact group A 
streptococcus cell is unable to utilize citrulline and carbamylphosphate although 
these compounds are known to be intermediates in the metabolism of arginine 
by the organism. This has been demonstrated by the use of cell-free extracts 
obtained from broken cells (Slade, 1953, 1954; Jones et al., 1955). The ability 
of normal cells to utilize a compound only after the release of enzymes from 
the interior of the cell can be attributed, at least in part, to the lack of pene- 
tration of the compound to the enzyme sites within the cell. The utilization of 
citrulline and carbamylphosphate by the streptococcal cell after appropriate 
treatment is thus an indication of permeability changes in the cell. 

The effect of trypsin and the cationic detergent, cetyltrimethylammonium 
bromide, on S. pyogenes has been studied. This report will present the results 
obtained on (1) the morphology and structure of the cell, (2) changes in cell 
permeability and the concurrent release of cellular material, and (3) the 
metabolism of the microorganism. 


Methods 


Culture of Organisms.—The medium used for the growth of both inocula and cells 
for the experimental work was prepared as follows: 4 gm. casitone (Difco), 2 gm. 
beef extract, 5 gm. L-arginine-HCl, and 10 gm. yeast extract (Difco) were dissolved 
in water, the pH adjusted to 7.6, the volume made to 800 ml., and autoclaved. 

One hundred ml. of water containing 6 gm. glucose and 100 ml. of water con- 
taining 10 gm. Na2HPO, were autoclaved in separate flasks. The pH of the latter 
was adjusted to 7.6 before sterilization. The three solutions were combined at the 
time of inoculation. The inoculum consisted of 9 ml. of a 6 hour culture/liter of 
broth. Experience has shown that higher yields of cells were obtained when 1 liter 
volumes/2 liter flask were used rather than larger volumes. Strain S43, type 6, was 
used in this study. 

Preparation of Cells —The bacteria were removed from the culture medium after 
16 hours’ incubation by centrifugation at 20,000 x g for 10 minutes. The cells were 
washed twice with distilled water and finally centrifuged as above. The centrifuge 
tube was allowed to drain several minutes and the cells weighed. Cell suspensions 
for experimental work were prepared in water. Homogeneous suspensions were ob- 
tained by aspiration through a 20 gauge needle attached to a 2 ml. syringe. 

Trypsin Digestion ——4 gm. washed cells (wet weight) were suspended in 6 mil. 
0.01 m phosphate buffer (pH 8.0) to give a 40 per cent cell suspension. A solution 
of trypsin in the same buffer was added to the suspension to give a final cell sus- 
pension of 25 per cent. The mixture was held in a 37° C. water bath for 30 minutes 
and then cooled in ice. The cells were washed three times at 5° C. to remove trypsin 
and then resuspended in water to a 10 per cent concentration. Aliquots were then 
removed for microscopic observation and biochemical study. 
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The trypsin used was a twice crystallized preparation (Worthington) which con- 
tained 50 per cent MgSO,. The trypsin values in this report refer to the final concen- 
tration of trypsin plus sulfate. 

Detergent Treatment.—Washed cells were diluted with water to a 20 per cent con- 
centration. Two ml. of the suspension were mixed with 2 ml. of cetyltrimethyl- 
ammonium bromide (Cetab)' and held 90 minutes at room temperature. The tubes 
were shaken by hand every 15 minutes. At the conclusion of the treatment, the cell 
suspensions were centrifuged and washed three times in distilled water. The washed 
cells were diluted to 10 per cent with water and used as indicated. 

The supernatant fluid plus wash water was dialyzed against distilled water for 
3 days at 3° C. The non-dialyzable portion was lyophilized and used for the deter- 
mination of rhamnose, M protein, C carbohydrate, and ultraviolet adsorption be- 
havior. The dialyzate was used for the determination of amino acids. To determine 
the total weight of cell material released, an aliquot of the supernatant fluid was 
lyophilized without dialysis and the weight corrected for the quantity of Cetab 
present. 

Preparation of Antiserum.—S43 cells were grown in brain-heart infusion broth 
(Hess and Slade, 1955), washed, and lyophilized. A suspension containing 60 mg. 
dry weight cells/ml. was prepared in 0.85 per cent saline. This suspension (8 ml./ 
tube) was sterilized by holding at 60° C. for 2 hours on each of 2 successive days. 

A rabbit of ca. 3.6 kg. was injected subcutaneously with 12 mg. cells. The injec- 
tion was repeated after 1 day’s rest. Five successive daily intravenous injections of 
12 mg. each were then given. After a week of rest a second series of five successive 
injections of 24 mg. each was given. Four bleedings were made from the heart at 1 
week intervals commencing 1 week after the final intravenous injection. 

Each 6 ml. of serum was adsorbed with 1 ml. packed cells (type 12) by incubation 
for 3 hours at 37° C. followed by ice box storage overnight. After centrifugation the 
adsorption was repeated with strain N19 (type 19). The serum was centrifuged to 
remove N19 cells and lyophilized. The potency of the serum was found to be strong 
by quantitative precipitin analysis. Fifty ug. of purified type 6 antigen resulted in 
precipitate formation equivalent to an optical density of 0.60 at 287 my. The pre- 
cipitate was dissolved in 3 ml. of 0.1 N NaOH for determination of the optical density. 

All qualitative precipitin tests were performed according to the procedure of 
Swift et al. (1943). The results were read visually and were recorded as 4+, 3+, 2+, 
1+, + and 0. 

Electron Microscopy.—Several drops of cell suspension were diluted with distilled 
water to a turbidity just visible to the naked eye. A drop of the diluted suspension 
was placed upon formvar-coated grids and dried in air. The grid was then washed 
several times with water, dried at room temperature, and shadowed at 11-12° with 
chromium at a distance of 15 cm. from the filament. 

Manometric Procedures—Standard Warburg manometric procedures were used 
to determine enzyme activity. All experiments were done at 37° C. and under nitro- 
gen. The liberation of CO, was used as a measure of the breakdown of arginine, 
citrulline, and carbamylphosphate? (CAP). Glucose was measured by the method 


‘Kindly provided by the Consolidated Midland Cornoration, Katonah, New York. 
* Obtained through the courtesy of Dr. M. E. Jones, Biochemical Research Labo- 
ratory, Massachusetts General Hospital, Boston. 
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of Folin and Malmros (1929) on the contents of the Warburg cups after centrifuga- 
tion to remove cells. Lactic acid was determined by the method of Barker and Sum- 
merson (1941). 

Plate Counts of Viable Cells.—Viable cells remaining in the treated suspensions were 
counted by the pour plate method. All suspensions were diluted to 0.65 optical den- 
sity (550 my), exposed to 2 minutes of sonic oscillation, diluted, and plated (Slade 
and Slamp, 1956). 

Measurement of Fluorescence.—The fluorescence of treated streptococcal cells was 
measured in a Coleman photofluorometer (model 12B). The suspension was exposed 
to an incident light beam of wave length 436 my and the emitted fluorescence was 
measured through a filter which passed all light above 500 my. 

Cells were added to 9 ml. water to give an optical density of 0.04 at 550 my. 1 ml. 
PNS (1 umole N-phenyl-a-naphthylamine-8-sulfonic acid*) was then added and 
the contents mixed. After standing for 10 minutes at room temperature, the fluores- 
cence of the dilute suspension was read. An equal quantity of cells, held in a water 
bath at 90° C. for 5 minutes before addition of PNS, served as a measure of the 
maximum fluorescence obtainable with the cells in question. 

Paper Chromatography.—Amino acids were identified by descending chroma- 
tography on S and S No. 507 and Whatman No. 1 papers. 2,4-lutidine was used as 
a solvent. 


RESULTS 


Treatment with Trypsin 


Observations with Electron Microscope-—Fig. 1 illustrates normal strepto- 
coccal cells after being harvested from the culture medium and washed three 
times in distilled water. At the periphery of the cell can be seen the cell wall. 
Within the cell, the protoplasm is enclosed by a protoplasmic membrane. The 
edge of the membrane is in sharp focus in many of the cells. These cells illus- 
trate a distinct separation between the cell wall and the membrane-enclosed 
protoplasm. Cells which were digested with 0.15 XK 10 mg./ml. trypsin 
showed no marked changes. This concentration of trypsin resulted in cells 
which, when extracted and tested for M protein, produced about one-half the 
normal quantity of precipitate (2+ reaction). 

Figs. 2 and 3 illustrate the appearance of a number of cells in the suspension 
after treatment with higher concentrations of trypsin. Cells treated with 1.5 X 
10-* mg./ml. were just free of M protein (-precipitin reaction) and those 
treated with 5 X 10-* mg./ml. gave a completely negative precipitin reaction. 
In Figs. 2 and 3 the protoplast membrane is not visible and action of the 
enzyme on the protoplasm is evident. No appreciable change beyond this 
stage occurred as judged by microscopic examination and optical density 
measurements at 550 my. 


* Kindly provided by Dr. B. A. Newton, Department of Biochemistry, University 
of Cambridge, England. 
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No change occurred in the Gram staining reaction after 30 minutes incuba- 
‘ion with 10 mg./ml. trypsin. After 4 hours, however, all cells were negative. 
In the trypsin-treated suspensions cells were present which showed little 
change from the normal. This may be due in part to a difference in the age of 
ihe cells. However, in some cases digested cells were found within a chain of 
normal cells. This would preclude a marked difference in the age of digested 


Fic. 1. Cells of S. pyogenes, no treatment 


and undigested cells. Table I shows (column 3) that in the presence of trypsin 
the number of viable cells increased 10 per cent. 

The removal of antigenic protein from the cell wall of S. pyogenes by trypsin 
did not alter the structural features of the cell wall (Figs. 1, 2; Table I). The 
absence of arginine in the cell walls of these streptococci possibly limits the 
number of lysine amide and ester linkages that are susceptible to attack by 


trypsin. The other principal amino acids present in the walls are glutamic acid 
and alanine. 





utes at 37° C. 


Fic. 3. Cells of S. pyogenes treated with 5 X 10-* mg./ml. trypsin for 30 min 
utes at 37° C. 
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Effect on Enzyme Activity—The rate of metabolism of arginine by cells 
treated with trypsin was the same as the control, except for a loss of 20 per 
cent at a trypsin level of 10 X 10~ mg./ml. (Table I). At this point damage to 
the cell has probably resulted in the destruction of a part of the enzyme pro- 
tein. 

The concentration of trypsin (0.15 X 10-* mg./ml.) which removed about 
one-half of the M protein was not sufficient to enable those cells to metabolize 


TABLE I 
Effect of Trypsin on the Removal of M. Protein and the Metabolism of S. pyogenes 





cos 





Enzyme M protein Viable cells 


concentration precipitin test Q giucoset 


L-Arginine 
t-Citrulline 





X 10 mg./mi. Colonies/ml. X 107 
0 208 3.8 
0.015 —_— ate 
0.15 _ 4. 
3.5 203 i 


2.5 _ 15 — 
5.0 235 30 6 
1 


3 
10.0 224 18 4. 























* The pw liters of CO, evolved/hr./mg. dry weight of streptococci (calculated from the 
CO, evolved between 4 to 12 minutes with arginine and citrulline and between 0 to 4 minutes 
with carbamylphosphate). 

Cup contents: 0.5 ml. 10 per cent cell suspension (ca. 8 mg. dry weight of cells), 250 yu 
moles phosphate buffer pH 5.8, 3 4 moles adenosinediphosphate, 10 4 moles MgSQ,, 6 u 
moles L-arginine or L-citrulline or carbamylphosphate, water to 3.0 ml. 

t The » moles of glucose removed/hr./mg. dry weight of streptococci (calculated from 
the glucose removed in the first 15 minutes). 

Cup contents: 0.5 ml. 15 per cent cell suspension, 10 4 moles glucose, 3 4 moles adenosine- 
triphosphate, 250 » moles phosphate buffer pH 6.5, water to 3.0 ml. 


citrulline or CAP at an appreciable rate. Cells treated with 2.5 and 5.0 X 
10 mg./ml. trypsin however, showed marked activity on each substrate and 
were completely free of M protein (Table I). At a concentration of 10 K 107 
mg./ml. trypsin, the enzymatic activity has begun to decrease on each of the 
nitrogenous substrates. 

The alteration of the protoplasmic membrane by trypsin (Fig. 2) corresponds 
to the appearance of enzyme activity on citrulline and CAP (Table I). Diges- 
tion of the cell with a higher concentration of enzyme (Fig. 3) resulted in 
increased activity on the two substrates. The protoplasmic membrane and the 
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structures associated with it may, in part, constitute the permeability barrier 
to citrulline and CAP in S. pyogenes. 

It has been found that cells grown in brain-heart infusion broth to which 
had been added 5 X 10-* mg./ml. trypsin were devoid of M protein and at 
the same time possessed activity on arginine, citrulline, and CAP. The enzy- 
matic activity was comparable to that found when cells were grown in the 
absence of trypsin and then treated with the enzyme (Table I). 

The metabolism of citrulline and CAP takes place at a much slower rate 
than that of arginine (Table I). The rate of metabolism of citrulline and CAP 
when they reach the enzymes of the cell should be equivalent to or greater 
than the rate at which arginine is metabolized. The rate of metabolism of 
citrulline and CAP may thus be an indication of the time required for these 
substrates to reach the enzyme sites within the cell as compared to arginine. 
This rate varied from 2- to 10-fold depending on the concentration of trypsin 
used. As the concentration of trypsin was increased the rate of penetration also 
increased. 

Dinitrophenol and azide did not prevent the metabolism of the substrates 
by trypsin-treated cells. No evidence was obtained to indicate an enzymatic 
mechanism for the transport of the substrates to the enzyme sites within the 
cell. 

Column 7 of Table I shows that the rate of breakdown of glucose was not 
markedly affected by treatment of the cells with trypsin. An examination of 
the products of breakdown of glucose by strain $43 showed that about 90 per 
cent of the sugar had been converted to lactic acid. This was typical of most 
strains of group A hemolytic streptococcus. Adenosinetriphosphate (ATP) was 
used in the experiments reported in Table I. The rate of removal of glucose by 
control cells was increased only 15 per cent by 3 wmoles of ATP. Cells treated 
with 10 X 10 mg./ml. trypsin showed an increase of 25 per cent. 

Fluorescence—Weber and Laurence (1954) have shown that serum albumin 
and heat-denatured protein react with V-tolyl-a-naphthylamine-8-sulfonic acid 
to produce a conjugate which fluoresces when excited by light of wave length 
436 my. Newton (1954) showed that cells of Pseudomonas aeruginosa which 
had been treated with polymyxin reacted with the dye to produce a fluorescent 
conjugate. No fluorescence was observed when normal cells were suspended in 
the dye. 

It has been observed (Table II) that normal S. pyogenes cells fluoresce in 
the presence of N-phenyl-a-naphthylamine-8-sulfonic acid. The intensity of 
the fluorescence was about one-half of that obtained when normal cells held 
for 5 minutes at 90° C. were used as a positive control. The fluorescence was 
reduced 18 per cent when the cells were treated with 1.5 X 10 mg./ml. 
trypsin, and 40 per cent with cells treated with 10 X 10-* mg./ml. trypsin. 

These results indicate that, contrary to Pseudomonas, the surface protein of 
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the normal streptococcal cell was capable of reacting with the dye molecules 
to produce a fluorescent compound. This surface protein was removed in part 
by trypsin. On the other hand, the internal protein of the cell which was at- 
tacked by the enzyme (Figs. 2, 3), was either not reached by the dye molecules 
or did not react with them. 


Treatment with Cetab 


Observations with Electron Microscope.—Fig. 4 illustrates S. pyogenes cells 
which have been suspended in a 0.05 per cent solution of Cetab (13/1 ratio of 
cells to detergent) for 90 minutes at room temperature. No marked changes in 
these cells can be seen. The cell wall and protoplasmic membrane appear to be 
intact. 


“ TABLE II 


Per cent fluorescence 


Trypsin, X 10-2 mg./ml. Cetab, cell/Cetab (dry weight) 


0 | 74/1 | 13/1 | 4/1 








| 
| 55 | 20 | 100 66 | 6 | 80 | 76 





* Positive control cells held in water suspension for 5 minutes at 90°C. 
t It has been found that the degree of fluorescence exhibited by normal cells was variable. 
In 4 experiments the per cent fluorescence ranged from 40 to 66. 


Effect on Cell Viability Column 2 of Table III shows that the most active 
cell suspension on citrulline and CAP (13/1 ratio) contained only 1 per cent as 
many viable cells as the control. Treatment of cells with additional Cetab 
(4/1 ratio) resulted in a reduction of the viable count to a negligible value 
compared to the control. Considerable activity on the three substrates still 
existed however, even though the suspension was essentially non-viable. The 
small increase in viable cells in the suspension treated with a 74/1 ratio of 
cells/Cetab has been obtained in several repeat experiments. The difference 
varied between 5 and 15 per cent. The reason for the increase is not known. It 
was probably not due to a break-up of the chains of cells because the suspension 
was oscillated before plating (Slade and Slamp, 1956). 

Effect on Enzyme Activity—It was of interest to determine the effect of 
Cetab on the permeability of S. pyogenes to the substrates tested above. Table 
III shows that normal cells were unable to utilize either citrulline or CAP. 
Treatment of these cells with Cetab at a 74/1 ratio resulted in cells which 
were able to metabolize CAP at a low rate (Qco, 30). Citrulline was not utilized. 
Cells treated at a Cetab ratio of 13/1 however, were able to rapidly degrade 
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es sees iOS Saat a Reng e eee 
Fic. 4. Cells of S. pyogenes treated with cetyltrimethylammonium bromide (13/1 


ratio of cells/detergent) for 90 minutes at 25° C. 


TABLE III 
Effect of Cetab on the Metabolism of S. pyogenes 


Qc0s 


| 
| 


Ratio Viable cells M antigen 


cells/Cetab in cells QF glucose 


L-Arginine 

L-Citrulline 

Carbamy!l- 
phosphate | 


». dry weight colonies / ml 
mg. ary weign x 108 


118 ,000 4+ 
74/1 140 ,000 4+ 
13/1 1,360 4+ 
4/1 <1 4+ 





*, t Experimental conditions same as in Table I. 


both citrulline and CAP. A higher concentration of Cetab (4/1) resulted in a 
somewhat lower rate of enzyme activity on arginine as well as citrulline and 
CAP. This may be due in part to a denaturation of enzyme protein by the 
detergent. 
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The results also show (Table III) that the metabolism of CAP by the S. 
pyogenes cells was a more rapid reaction than any of the enzymatic reactions 
concerned in the formation of CAP from arginine. With trypsin-treated cells, 
however, Table I shows that the rate of metabolism of arginine was always 
faster than either of the other two substrates. In view of the generally lower 
activity of these cells, it is most likely that the difference was due to slower 
rate of penetration of substrate to enzyme. The metabolism of arginine shows 
that the enzymes necessary for the utilization of citrulline and CAP were 
present in the trypsin-treated cells. It is evident, therefore, that the changes 
brought about in the cell by treatment with detergent were more favorable for 
the metabolism of arginine, citrulline, and CAP than those brought about by 
treatment with enzyme. 

In contrast to trypsin, cells treated with Cetab lost their ability to utilize 
glucose (Table ITI). An inhibition of 40 per cent is seen at a cell/Cetab ratio 


TABLE IV 
Analysis of Soluble Substances Released from S. pyogenes by Cetab 





‘ ‘ Precipitin tests 
Ratio cells/Cetab | Non-dislysable | Adsception at Rhamnose 
M antigen | C carbohydrate 





mg. dry weight per cent of cell 100 jog./ml. 1 mg./ml. | 1 mg./mil. pag./me. 
— i.3 0.066 — _ 1.3 
74/1 3.8 0.098 2+ | 1+ 
13/1 11.1 0.150 | 2+ 




















2.3 
a 5.1 
4/1 10.9 0.294 | 2+ | i+ 5.5 





In this experiment 4 ml. of a 20 per cent cell suspension (containing 120 mg. dry weight 
cells) was employed in each case. 


of 74/1. At the higher concentrations of detergent the inhibition was complete. 
It is evident that Cetab is an effective inhibitor of the utilization of glucose 
by S. pyogenes. 

A strong positive test for M protein was obtained with all cells after Cetab 
treatment. Although marked permeability changes did occur, the microscopic 
observations (Fig. 3), precipitin tests, and rhamnose values show that the 
detergent did not cause a significant quantity of the cell wall to be destroyed. 

Fluorescence-—Table II shows that the fluorescence of normal cells was 
slightly increased when treated with Cetab at ratios of 13/1 and 4/1. No 
change occurred at a ratio of 74/1. These results indicate that the protein on 
the surface of the cell was not exposed by the detergent. The permeability 
changes which accompanied treatment with the detergent most likely occurred 
in structures beyond the surface of the cell (protoplasmic membrane?). 

Release of Cell Material.—Salton (1951) has shown that Cetab caused the 
release of glutamic acid from S. faecalis cells. An increase in material which 
adsorbed at 260 my was also noticed after treatment with the detergent. At 
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a cell/Cetab ratio of 15/1 the release of these substances was at its maximum. 
Column 2 of Table IV shows that the quantity of non-dialyzable material 
which “leaked out” of the cells of S. pyogenes increased with detergent con- 
centration until a 13/1 ratio was reached. At a 4/1 ratio the quantity of cell 
material in the supernatant was about the same as at the previous concen- 
tration. The maximum rate of metabolism of citrulline and CAP was reached 
at these levels (Table ITI). 

Weak positive tests for the M and C antigens were also obtained on the 
non-dialyzable cellular materials (Table IV). The rhamnose content of each 
extract was about 0.5 per cent. 

These results indicate that the materials which were released at the lower 
concentrations of detergent were made up principally of substances of low 


TABLE V 
Activity of Arginine, Citrulline, and Carbamyl phosphate Metabolizing Enzymes in Sonic Extracts 
of S. pyogenes 





Per cent of enzyme activity in soluble fractions 





Substrates Time of oscillation 





0 to 0.5 
hr. 


0.5 to 1.0 
hr. 


1.0 to 2.0 
hrs. 


brs. 





Arginine 
Citrulline 
Carbamylphosphate 


Extracts, mg. dry weight total 





54 
54 
59 


425 


38 
38 
33 


350 


8 
8 
8 


200 


<1 
<i 
<1 


30 

















20 ml. of 30 per cent washed cell suspension (containing 900 mg. dry weight cells) was 
oscillated at 2°C. for the periods indicated. The oscillated suspension was washed once with 
5 ml. water after centrifugation in each instance. 


molecular weight such as amino acids. Chromatographic assay on paper of the 
13/1 extract showed that the amino acids present were composed in large 
measure of lysine and glutamic acid, with traces of serine, alanine, valine, 
methionine, and leucine. Consequently S. pyogenes differs from S. faecalis in 
that lysine, as well as glutamic acid, was released in considerable quantity by 
Cetab treatment. 


Location of Enzymes in Cell 


It was of interest to determine the approximate location within the cell of 
those enzymes that have been used here to judge changes in permeability of 
the cell. Slade and Vetter (1956) have shown that S. pyogenes cells (strain 
S43) were ruptured by sonic oscillation with the release of the internal contents 
of the cell. The latter was shown to contain particles of 50 to 100 my diameter 
which could not be sedimented after centrifugation at 20,000 X g for 14 hour. 
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Table V shows the distribution in sonic extracts of the enzymes concerned 
with the metabolism of the three substrates. No significant activity remained 
in the cell debris at the conclusion of the oscillation; hence the total enzyme 
content of the cell has been released into the extracts. It is apparent that (1) 
during the ist hour of oscillation, the period of extensive cell rupture, 92 per 
cent of the enzyme activity in each case was found in the soluble extract, and 
(2) the proportionate distribution of the enzyme activity for each substrate in 
each extract strongly indicates that all of the enzymes of the arginine system 
were located in that part of the streptococcal cell confined by the protoplasmic 
membrane. It follows that passage across this membrane was essential for 
metabolism of this amino acid and its intermediates to occur. 


DISCUSSION 


It is shown that a concentration of trypsin 3-fold greater than that required 
to remove M protein was necessary for the cell to become permeable to citrulline 
and CAP. Microscopic evidence of the destruction of the protoplasmic mem- 
brane indicated that an alteration of the membrane was a necessary step in 
order that the enzymes residing within the cell might be accessible to otherwise 
impermeable substrates. The action of Cetab may be directed against the mem- 
brane, even though changes in the membrane are not clearly evident. The 
release of nucleoprotein, amino acids, and the passage of citrulline and car- 
bamylphosphate into the cell, however, indicate that alterations to the mem- 
brane have occurred. In both cases the substrates appear to enter the cell by 
diffusion. 

M antigen is considered to be located entirely at or near the surface of the 
cell wall (Lancefield, 1954). It is reasonable, however, depending on the site of 
synthesis of the antigen, to assume that it may be found in other parts of the 
cell. The removal of the protein by trypsin resulted in damage to the proto- 
plasm of the cell (Fig. 2). Slade and Vetter (1956) showed that M protein 
was quickly released from S. pyogenes by sonic oscillation. Sharp et al. (1957) 
found that L forms which appear to lack cell wall may contain M antigen. The 
enzymatic synthesis of the protein may take place in the protoplasm and in the 
protoplasmic membrane. This may involve a polymerization of “amino acid 
units” in the membrane to form the active protein. The passage of M antigen 
across the cell wall would result in a concentration at the cell surface. 

It is of interest that the enzymes concerned with arginine metabolism were 
highly active even though the cells were non-viable. In contrast the ability to 
utilize glucose was absent in the non-viable cells. 


The author wishes to express his appreciation to Dr. J. P. Marbarger, University 
of Illinois School of Medicine, for making available the electron microscope at that 
institution. 
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PROPERTIES OF PHYCOBILINS FROM PORPHYRA NAIADUM* 


By R. L. AIRTH{ ann L. R. BLINKS 
(From the Hopkins Marine Station of Stanford University, Pacific Grove) 


(Received for publication, March 28, 1957) 
ABSTRACT 


The phycobilin pigments were freshly extracted from Porphyra naiadum in the cold. 

At least two types of phycoerythrin (I and II) can be distinguished by electro- 
phoresis, chromatography, and spectral characteristics. 

At pH 5.0 phycoerythrin IT has a relatively large negative charge, while phyco- 
erythrin I is nearly iso-electric. At pH 7.0, however, phycoerythrin I has the larger 
negative charge. Mobilities have been calculated by visual measurement of elec- 
trophoresis. 

Phycoerythrin II can be converted to phycoerythrin I by storing at pH 7.0. 

Chromatography indicates at least two types of phycocyanin as well. 


The molecular weight of crystalline phycoerythrin has been determined sev- 
eral times using the pigment isolated from a number of red algae (Svedberg 
and Lewis, 1928; Svedberg and Katsurai, 1929; Svedberg and Eriksson, 1932; 


Eriksson-Quensel, 1938). In most of these investigations the extraction and 
crystallization procedures were lengthy and carried out under conditions con- 
ducive to change in the protein moiety of the phycoerythrin molecule. In some 
cases the problem is compounded by difficulty in extracting the pigment from 
the algae; (e.g. Ceramium, Polysiphonia, or Antithamamnion). In contrast to 
these, the phycobilins from Porphyra naiadum can be extracted rapidly (Airth 
and Blinks, 1956). The thallus is very delicate, and little bacterial contamina- 
tion occurs during extraction. Yield of pigment is high (75 per cent). 
Phycoerythrin, once extracted, has usually been crystallized by ammonium 
sulfate (Lemberg, 1928; Boresch, 1932), with yield reported to be quantitative. 
However, the phycobilins from P. naiadum, extracted for a short time (15 
hours) in the cold with precautions taken to avoid basic extraction condi- 
tions, were not quantitatively crystallized by this method (Airth and Blinks, 
1956). But if the pigment solutions were allowed to “age” at room tempera- 
ture then phycoerythrin could be readily crystallized from them. This sug- 


* Research supported by the Office of Naval Research under contract (Nonr 120- 
050) with Stanford University. 
t Present address: McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore. 
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gests a change in the protein portion of the phycoerythrin molecule. This 
possibility was further investigated, mainly by chromatographic and electro- 
phoretic techniques. 


Methods 


The extraction and purification of phycobilins from P. naiadum have already 
been considered in detail elsewhere (Airth and Blinks, 1956). The algae were ex- 
tracted with water at 5°C. for 15 hours. After extraction the algal residue was sep- 
arated by centrifugation and the supernatant pigment solution dialyzed overnight 
at 1°C. in 0.1 m acetate buffer, pH 5.0. This dialyzed pigment solution constituted 
the “stock pigment solution.” Neither during extraction nor dialysis did the pH 
of the pigment solution rise above 7.0. 

Electrophoretic separations were carried out on the stock pigment solution in a 
Klett electrophoresis apparatus. Schlieren optics were not available in most of the 
work, and are difficult to use in the case of pigments: visual measurement of the 
fronts was carried out and presented few difficulties. The separation of the various 
phycobilins could be observed continuously. The movement of the pigment bound- 
ary was measured by sighting between front and rear scales to avoid parallax: 
movements of a millimeter could be detected. This method had two disadvantages, 
however: (a) colorless impurities were not detected, and (6) different pigment bound- 
aries were not evident unless the color difference was large. 

At the end of an electrophoretic run the cells were isolated and the per cent of 
the total pigment present in each was calculated from the following information: 
(a) the optical density of the original pigment solution, (b) the volume of the pig- 
ment introduced into the apparatus, (c) the volume of each cell (or if the cell was 
not completely filled by pigment, the volume occupied by it), (d) the absorption 
of the pigment solutions isolated from the various cells. By this method it was gen- 
erally possible to account for at least 95 per cent of the total pigment initially in- 
troduced. (Partial precipitation sometimes occurred, especially in the center cell.) 

The absorption spectra of purified phycoerythrin, phycocyanin, and allophyco- 
cyanin from P. naiadum have been published by French ef al. (1956). B-phyco- 
erythrin (Airth and Blinks, 1956) has a major absorption maximum at 545 my, 
C-phycocyanin at 615 my, and allophycocyanin at 655 my. These wave lengths have 
been used to analyze the per cent of total pigment present in each cell as described 
above, although in all cases the complete absorption spectra were determined from 
400 to 700 mu. It has been calculated that at 545 my in a fresh stock pigment so- 
lution, C-phycocyanin absorbed 9 per cent and allophycocyanin 3 per cent of the 
total light absorbed, while at 615 my B-phycoerythrin absorbed 2 per cent and 
allophycocyanin 12 per cent of the total light absorbed. 

The following notation was adopted to identify the electrophoretic cell from 
which the pigment fractions were isolated: the +1 pigment fraction was obtained 
from the cell nearest the anode and the —1 fraction from the cell nearest the cath- 
ode. The +2 pigment fraction was isolated from the cell which was second nearest 
the anode and the —2 fraction from the cell second nearest the cathode (see Fig. 1). 
The C fraction was isolated from the center cell, between the —2 and +2 electro- 
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phoretic cells. Unless otherwise stated the —1, —2, and C cells of the apparatus 
were filled with pigment at the beginning of the experiment. 

The chromatographic separations were fashioned after the researches of Swingle 
and Tiselius (1951). 


RESULTS 


Freshly prepared stock pigment solution was separated electrophoretically 
at pH 5.0; all pigment movement was toward the anode. The absorption spectra 
of the various fractions are presented in Fig. 1. Judging from these, the purple 
+1 fraction contained phycoerythrin, phycocyanin, and allophycocyanin; 
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Fic. 1. Absorption spectra of the fractions isolated by electrophoresis at pH 5.0. 
(1) original dialyzed solution; (2) C fraction; (3) +2 fraction; (4) +1 fraction; 
(5) —2 fraction; (6) —1 fraction. 


the +2, C, and —2 fractions contained the same pigments; while the red —1 
fraction contained only phycoerythrin. The homogeneity of the latter fraction 
was demonstrated more convincingly with concentrated solutions. The absorp- 
tion spectrum of the dialyzed pigment solution before electrophoresis is also 
presented. From such data it was concluded that there were at least two types 
of phycoerythrin in the stock pigment solution; one that has a relatively large 
negative charge at pH 5.0 (henceforth designated phycoerythrin II) and one 
that has a small negative charge (phycoerythrin I). 

The ratios of the optical density at 545 my to that of 615 my for the various 
fractions are as follows: 
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From these values it can be concluded that phycocyanin has a relatively high 
anodal movement at pH 5.0, and that the proportion of phycoerythrin in- 
creases toward the —1 cell (in which it is the major component). It is also 
worthy of note that of the total phycoerythrin present, only 5 to 10 per cent 
was in the form of the nearly immobile phycoerythrin I. This observation was 
consistent with attempts to crystallize phycoerythrin and indicated that phy- 
coerythrin I is crystallizable by isoelectric precipitation at pH 4.5 while 
phycoerythrin IT is not. 

In a separate experiment an electrophoretic separation was carried out on 
the stock pigment solution from which the phycoerythrin I had been removed 
by crystallization with acid. The supernatant at pH 5.0 consisted almost en- 
tirely of phycoerythrin II and phycocyanin; no phycoerythrin I was electro- 
phoretically detected. 

When however, freshly prepared stock pigment solution was dialyzed over- 
night at 1°C. in phosphate buffer (of ionic strength 0.1) at pH 6.98 a different 
electrophoretic behavior resulted. The separation obtained is diagrammed in 
Fig. 2. The colored fractions were separated as carefully as possible (with a 
hypodermic needle and syringe) and studied spectrophotometrically. Their ab- 
sorption spectra are presented in Fig. 2. The lavender and orange-red fractions 
are very similar spectrally, with possibly a slight shift in the absorption maxima 
and a greater degree of “shoulder” in the 560 my region of the orange-red frac- 
tion. Since the absorption spectrum of the orange-red fraction is similar to that 
of phycoerythrin I, it is concluded that phycoerythrin I at pH 5.0 is less 
negatively charged than at pH 7.0. Conversely if phycoerythrin II is repre- 
sented in the deep purple fraction, its pH-charge characteristics are the opposite, 
in that at pH 5.0 it was more negatively charged than at pH 7.0. 

The bright blue fraction isolated by electrophoresis at pH 7.0 is probably 
phycocyanin with a considerable phycoerythrin impurity. This fraction 
is somewhat reminiscent of the floridean R-phycocyanin (Kylin, 1912; 
Svedberg and Lewis, 1928; Svedberg and Katsurai, 1929; Lemberg, 1930; 
Haxo et al., 1955), but the latter has its first absorption maximum around 
550 my, instead of at 570 my as in this fraction. Purified phycocyanin 
from P. naiadum isolated by chromatography (see below) has a single ab- 
sorption maximum at approximately 615 muy. It is possible, however, by us- 
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ing the technique of Vandenbelt and Henrich (1953), to draw a summa- 
tion curve of a mixture of phycoerythrin and phycocyanin which has absorption 
characteristics very similar to those reported for R-phycocyanin. The possibility 
that all phycocyanins have only one absorption maximum around 615 my has 
been suggested by Boresch (1932) and would seem worthy of further con- 
sideration. 

The possibility that the relative mobilities of phycoerythrin I and phyco- 
erythrin II are mutually reversed at pH 5.0 and 7.0 can also be seen from Fig. 
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Fic. 2. Absorption spectra of fractions isolated by electrophoresis at pH 7.0. L— 
lavender; OR—orange-red; DP—deep purpie; BB—bright blue. 


3. In these experiments the —2, C, and +2 cells were filled at the beginning of 
the Tiselius run. These curves represent the absorption maxima (540 to 570 
mu) between pH 4.98 and 7.25 of the +1 and —2 fractions after electrophoretic 
separation of the stock pigment solution. It will be noticed that at pH 4.98 the 
pigment in the +1 cell has its major peak at 567 my and a smaller “shoulder” 
at 555 mu. This fraction represents phycoerythrin II. The —2 fraction, at the 
same pH, has its major peak at 546 my and the center of a “shoulder” at 563 
mu. At pH 5.47 the situation is altered, for in the +1 cell the major peak is at 
550 my and a minor peak at 562 my; while the —2 cell pigment does not have 
an evident major peak, but two maxima. When electrophoretic separation is 
made at pH 7.25 the major peak at 549 my and a “shoulder” at 561 my are 
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represented by the pigment isolated from the +1 cell while the pigment from 
the —2 cell has a major maximum at 562 my with the center of a “shoulder” 
at 554 my. Through the pH region of 4.98 to 7.25 the positions of the major 
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Fic. 3. Absorption maxima (from 540 to 570 mu) of +1 and —2 electrophoretic 
fractions between pH 4.98 and 7.25. AO.D. in each curve is about 0.05. 


peaks have been reversed. Thus at pH 4.98 the +1 pigment has a major maxi- 
mum at 567 my whereas at pH 7.25 the 567 my maximum is shown by the pig- 
ment isolated from the —2 cell. Correspondingly, at pH 4.98 the pigment from 
the —2 cell has its major absorption at 546 my whereas similar absorption 
characteristics are exhibited by the pigment isolated from the +1 cell at pH 
7.25. 
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It has already been reported that if the stock pigment solution is stored for 
several days at pH 7.0, a greater yield of crystalline B-phycoerythrin could be 
obtained (Airth and Blinks, 1956). Apparently phycoerythrin II is slowly con- 
verted to phycoerythrin I at neutrality. This conversion was therefore studied 
in more detail. Fresh stock pigment solution was divided into two parts; one 
was dialyzed overnight in 0.1 m phosphate buffer pH 7.0, the other in 0.1 u 
acetate buffer at pH 5.0 (both at 1°C). The two fractions were then stored in 
the dark at 5°C. and on various days aliquots were taken for electrophoretic 
study. Both aliquots were dialyzed overnight in 0.1 m acetate buffer pH 5.0 


TABLE I 


Change in Electrophoretic Distribution of Stock Pigment Solution kept at pH 5.0 and pH 7.0 
Per cent of total pigment from cells indicated. 





pH 5.0 pH 7.0 





Phy rin IT Phycoerythrin I Phycoerythrin II | Phycoerythrin I 
from +1 cell from —1 cell | +1 cell rom —1 cell 





23.4 : 24.0 
22.0 : 24.3 
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(the pH 7.0 aliquots being thereby restored to pH 5.0) at 1°C. for buffer equi- 
librium and separated in the Tiselius apparatus the following day. After elec- 
trophoresis each fraction was isolated and studied spectrophotometrically. The 
amount of phycoerythrin I in the —1 cell was compared to the phycoerythrin 
II in the +1 cell as explained above. The presence of phycocyanin in the +1 
cell fraction has been corrected for. The results of this experiment are presented 
in Table I. 

The data indicate that the highly mobile phycoerythrin II isolated from 
the +1 cell, in the pH 5.0 fraction constituted about 25 per cent of the total 
pigment over the entire 31 days; whereasin the pH 7.0 aliquots, the amount of 
phycoerythrin II was reduced from about 25 per cent of the total pigment to 
about 5 per cent in 29 days. Conversely, while the phycoerythrin I in the 
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pH 5.0 fraction was about 6 per cent of the total pigment over the experimental 
period, in the case of the pH 7.0 aliquots the amount of phycoerythin I in- 
creased from 3 per cent to 25 per cent. Evidently phycoerythrin II is fairly 
stable at pH 5.0 while at pH 7.0 it is converted into phycoerythrin I. 

The conversion of phycoerythrin II to phycoerythrin I was also studied in 
a somewhat purified fraction. The contents of the +1 cell were removed after 
electrophoretic separations at pH 5.0, several runs being necessary to get a 
sufficient volume. The pooled samples were divided into two equal parts, one of 
which was dialyzed for about 12 hours against 0.1 m acetate buffer, and the 
other against 0.1 m phosphate buffer at pH 7.0, both at 1°C. After this time, 
both fractions were dialyzed for an additional 12 hours in 0.1 m acetate buffer, 
pH 5.0, and at the same temperature. Electrophoresis was then carried out on 


both solutions. The per cent of phycoerythrin present in each cell is given in 
Table IT. 


TABLE II 


Change in Electrophoretic Distribution of Phycoerythrin II Kept at pH 7.0 and 5.0 for 
Approximately 12 Hours 





| 


Per cent of total pigment in pH 5.0 
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— ss 
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+1 28.2 
+2 | 33.1 
. 26.3 
—2 10.4 
=f 2.0 








The +2, C, and —2 cells show very little difference between the two frac- 
tions. The +1 cell contained considerably less pigment from the pH 7.0 fraction 
than from the pH 5.0 fraction; in the —1 cell the opposite was found. Thus 
greater conversion of highly mobile phycoerythrin II into less mobile phycoery- 
thrin I was found at pH 7.0, and the rate of conversion is greater when 
phycoerythrin I is initially absent. Table I indicates that it took from 4 to 8 
days for a stock solution at pH 7.0 to produce approximately 11 per cent of 
the total pigment as phycoerythrin I. However, after electrophoretic removal 
of the phycoerythrin I only 12 to 24 hours were needed for the production of 
this amount of new phycoerythrin I. Evidently some kind of equilibrium is in- 
volved. 

In order to obtain a more complete description of the electrical properties of 
the phycobilin pigments, a pH-mobility experiment was carried out. The visual 
method of measuring mobility leaves something to be desired, but the data 
are in general agreement with some results using schlieren optics. The 
buffers were those recommended by Conway (1952), with the final solution 
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being adjusted to an ionic strength of 0.1. In these experiments the C, —2, and 
+2 Tiselius cells were filled with dialyzed pigment at the beginning of the 
experiment. Electrophoresis was carried out until the +1 cell was completely 
filled with pigment. The pH mobility curves of the various fractions are pre- 
sented in Fig. 4. 

One of the difficulties of conducting such experiments with mixed pigment 
solutions is detecting, isolating, and identifying the various pigment boundaries 
and fractions. At pH 5.0 two fractions were usually present which were suffi- 
ciently different in color to follow readily. At pH 7.0, as already men- 
tioned, four different pigment boundaries were detectable by eye. The various 


+200 





= 
24 
fe) 


HIGHLY IONIZED FRACTION ~_ 
4 4 4 _ 





PHYCOERYTHRIN I 
PHYCOERYTHRIN I 


PHYCOCYANIN 


5 
o 
> 
\, 
Oo 
Ww 
” 
\ 
N. 
= 
=) 
? 

° 











Fic. 4. pH mobility curves of fractions in stock pigment solution. Highly ion- 
ized fraction—open triangles; phycoerythrin I, closed circles; phycoerythrin II, 
open circles; phycocyanin, closed triangles. 


fractions were isolated and identified spectrophotometrically. The lavender 
and orange-red pigment fractions became visible as ascending boundaries first 
at about pH 6.0. The latter fraction was no longer visible at pH 9.52 and is 
either bleached or its mobility has increased to such an extent that it is no 
longer visibly distinguishable from the lavender fraction. The least mobile blue 
fraction (phycocyanin) first became evident at pH 6.36 and was found in all 
subsequent separations until the electrophoresis at pH 9.97 when it was absent. 
The lavender and blue fractions were probably present at pH 5.0 but indis- 
tinguishable from the deep purple fraction. 

From the theory of electrophoresis it is apparent that only the fastest (laven- 
der) and slowest (bright blue) fractions can possibly be homogeneous (cf. Fig. 
2). The next fastest (orange-red) fraction will definitely contain the lavender 
compound as well as phycoerythrin I. The deep purple fraction will be the most 
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complex, containing the lavender compound, phycoerythrin II, phycoerythrin 
I, phycocyanin, and allophycocyanin. The predicted complexity of this fraction 
is attested to by its absorption spectrum. The chief difficulty was to determine 
which pigment fraction the various electrophoretic boundaries represented. 
As the absorption spectra of the isolated fractions represent complex mixtures 
in some cases the correlation of electrophoretic boundary and pigment fraction 
has necessitated subjective interpretation. The fact that the relative mobili- 
ties of phycoerythrin I and II differ at pH 5.0 and 7.0 also increased the uncer- 
tainty of interpreting the data. Fig. 4 has been drawn with these difficulties in 
mind. It will be seen that the curves for phycoerythrin I and II cross at about 
pH 6.4. 

The fact that there is a pigment fraction which has a high anodal mobility 
at a low pH value is not characteristic of a typical protein and it has been con- 
cluded that there is a “highly ionized fraction” involved. This fraction has a 
relatively large negative charge throughout the entire pH range studied. It is 
the lavender fraction of Fig. 2. If the data are interpreted in this manner, then 
phycoerythrin I and phycocyanin have the typical pH mobility characteristics 
of proteins, as shown in Fig. 4. Phycoerythrin IT is unusual in that it has no 
iso-electric point within the pH range studied (pH 4 to 9); in this it resembles 
the highly mobile lavender fraction. No explanation is at hand for this, except 
to postulate some highly ionized radical such as phosphate or sulfate on the 
molecule. Attempts to demonstrate these strongly dissociated radicals have 
however, so far proven fruitless (Jones and Blinks, 1957). 

Possibly offering an explanation for the mobile pigment fraction is the ex- 
tremely fast anodal transport of a greenish or yellowish component observed 
in extracts from macerated red algal tissue which have not been filtered or 
centrifuged. This turbid, particulate fraction moves rapidly ahead of the dis- 
solved pigments; it may represent chloroplast fragments from which the 
phycobilins have been separated (chlorophyll and carotenoids seemed to be 
present). There may be some of this substance (combined with phycobilins) 
present in solution in filtered, centrifuged extracts of Porphyra naiadum. 


Chromatography 


Chromatographic separation of the pigments present in a freshly prepared 
stock pigment solution was also carried out. The adsorption pattern depended 
on the pH at which the column was eluted. Fig. 5 is a diagram of the fractions 
which separated on columns when the stock pigment solution was eluted at pH 
5.0 and 7.0. Also presented are the concentrations and pH of the eluant and 
the absorption maxima of each band. In both cases there was a type of phyco- 
erythrin that was readily eluted and a type that was not. The lavender fraction 
(No. 3) of the pH 5.0 column was found to be electrophoretically homogeneous 
and had the high mobility characteristics of phycoerythrin II. When this frac- 
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tion was rechromatographed it separated into phycoerythrin and phycocyanin. 
It is also worthy of note that the phycoerythrin of the lavender fraction on the 


pH5 pHtT 









































lo Oo OO Oe ee 


-1, BLUE, PC, Amox. 615-6175 my. 
M ACETATE, pH5.0 


Oo & oF 


No.2. PINK,PE, A mox. 545my,560 -565my SHOULDER" 
M ACETATE, pH50 


No.3. LAVENDER,PE + PC, \mox.565mp6!5my. 
2M ACETATE, pH5.0 


No4. DARK BLUE, APC, Amax655 my. 
M/ 10 PHOSPHATE. pH7.0 


No.5. PINK, PE, \mox.545mp, 560-56 5my, "SHOULDER" 
M/20 PHOSPHATE pH7.0 


No.6. LAVENDER, PE + PC t APC, \mox545myp565 my" SHOULDER" 
615m p655mp,M/20 PHOSPHATE pH7.0 


No.7. DEEP BLUE, APC, Xmox655my,M/I0 PHOSPHATE pH7.0 


Fic. 5. Chromatographic pigment separation at pH 5.0 and 7.0. Abbreviations: 
PC, phycocyanin; PE, phycoerythrin; APC, allophycocyanin. 


pH 5.0 column required 2 m acetate buffer to elute it while the same pigment 
in the pink region required only molar buffer to move it. This is another indi- 
cation that the two phycoerythrins are different, presumably in charge and 
resulting affinity for the adsorbent. 
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Tiselius (1955) and Tiselius, Hjertén, and Levin (1956) reporting on the 
chromatographic separation of phycoerythrin from Ceramium have come to the 
conclusion that this alga also has at least two and possibly three different types 
of phycoerythrin. Similar results with Aphanizomenon and Microcystis indicate 
that there are two and possibly three kinds of C-phycocyanin present in the 
blue-green algae. These experiments demonstrate very clearly that the separa- 
tion of the various constituents depends upon the concentration of the eluant. 

At pH 5.0 chromatographic separation of P. naiadum stock solution yields 
a phycocyanin fraction which is eluted off with 1 m buffer and another which is 
eluted at 2 m. This suggests that there may be more than one type of phycocya- 
nin present. Electrophoretic separation gave additional evidence of this. Occa- 
sionally when the stock pigment solution was separated electrophoretically at 
pH 5.0 there was a blue fraction which had a mobility even less than that of 
phycoerythrin I. Sufficient quantities of this fraction were never obtained for 
spectrophotometric study. It seems to be readily bleached and hence not to be 
found in every separation. Should this fraction prove to be phycocyanin, the 
charge characteristics of this pigment would parallel those of phycoerythrin: 
one form with a large negative charge and one with a relatively small negative 
charge, at pH 5.0. 


DISCUSSION 


The experiments indicate that a fresh extract of Porphyra naiadum has at 
least two types of phycoerythrin and possibly a minimum of two types of phy- 
cocyanin. These pigments were all obtained with special care to control time, 
temperature, and pH during extraction. It is difficult to decide which pigment 
or pigments are “natural,” since the definition of a native protein is vague. 
Although two types of phycoerythrin are found we do not really know whether 
this is due to the method of extraction and subsequent treatment or represents 
the situation in the algae. If several different pigment types also exist in the 
plant, then the question of their biological significance arises. 

The photosynthetic function of the phycobilin pigments is now well dem- 
onstrated (Haxo and Blinks, 1950; Duysens, 1951; French and Young, 1952; 
Yocum and Blinks, 1954) and the types of electronic energy transfer mechanism 
have been reviewed by Rabinowitch (1951). The question of whether both 
types of phycoerythrin in P. naiadum are photosynthetically active is not clear 
at this time. Since in a freshly extracted pigment solution at least 90 per cent 
of the total phycoerythrin present is phycoerythrin II it seems most certain 
that this pigment must be active in photosynthesis, since efficiency is good in 
its region of absorption. Whether phycoerythrin I is also active is not so clear— 
if indeed it exists in the cell as such. 

The transfer of light energy from phycoerythrin to phycocyanin requires 
that these two molecules be in close proximity (Rabinowitch, 1951). When the 
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highly ionized phycoerythrin II fraction was first isolated, and it was found 
always to contain phycocyanin, it was suggested that phycocyanin and phyco- 
erythrin might be “‘complexed” in some fashion,—possibly with the phycoery- 
thrin and phycocyanin chromophores attached to the same protein. While this 
hypothesis has not been disproved, a more rational interpretation of these and 
other experiments is that the fraction consists of two separate pigments, phyco- 
erythrin II and “phycocyanin IT” each with high mobility. Since there are two 
types of phycoerythrin in the pigment solution, (and further investigation may 
reveal others) the same may well be true of phycocyanin. Electrophoresis 
through greater distances, chromatography with greater column capacity or 
eluants of different concentration ranges, may eventually solve this problem. 

We have already described (Airth and Blinks, 1956) a new pigment from P. 
naiadum, designated B-phycoerythrin; it has only one main absorption maxi- 
mum at 545 my. This pigment has the same absorption maximum over a 
broad pH range and after several recrystallizations is more resistant to bleach- 
ing by hydrogen peroxide than is the phycoerythrin of the stock pigment solu- 
tion. Phycoerythrin I and B-phycoerythrin are identical judging from the 
absorption spectra and the fact that both can be isolated by isoelectric crystal- 
lization. B-phycoerythrin has charge characteristics similar to those of phyco- 
erythrin I and is homogeneous in electrophoresis and ultracentrifugation. The 
main differences between phycoerythrin I and II are those of charge and the 
fact that phycoerythrin II seems to have its major absorption maximum 
around 565 my. (The latter may be due to the influence of the phycocyanin in 
the solution however). 

In the past the classification of phycobilin pigments has been based mainly 
on their spectral characteristics. While this is simple, additional characteristics 
may have to be used in the future. Indeed a completely new system of classify- 
ing these pigments might eventually be necessary. 
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ABSTRACT 


Strain RM3-56 of rabbit fibroblasts was found to require arginine, cystine, 
glutamine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, serine, 
threonine, tryptophan, tyrosine, and valine for growth in a medium containing 2 
per cent dialyzed serum as the only undefined component. The requirement for 
serine is less specific than that of the other 13 amino acids and it is partially re- 
placed by glycine, or alanine, or by several combinations of so called accessory 
amino acids. The concentrations of essential amino acids which permit maximal 
proliferation range from 0.005 to 0.3 mm. Cystine, glutamine, lysine, tryptophan, 
tyrosine, valine are toxic at concentrations of 5 mm. The rate of proliferation of RM3- 
56 ina medium containing all 14 essential amino acids is increased significantly by 
the addition of alanine and to a lesser extent by the addition of aspartic and glutamic 
acids and glycine. A deficiency of cystine or glutamine results in cellular degeneration 
within 3 to 5 days, whereas the cells remain in good condition for 2 to 3 weeks in 
the absence of each of the remaining 12 essential amino acids. The results obtained 
with RM3-56 are compared with strains HeLa, L, and U12, whose amino acid 
requirements have been investigated under similar conditions. 





The pedigree and cultural characteristics of strain RM3 fibroblasts derived 
from adult rabbit muscle were outlined in an earlier report (1). As a prereq- 
uisite to employing strain RM3 in studies of factors affecting virus multiplica- 
tion, it was considered expedient to establish some of the nutritional require- 
ments of this strain of cells. The general approach to this problem was funda- 
mentally similar to that used by Fischer and Astrup (2) and Fischer (3) in 
studies with chick embryo fibroblasts, where an attempt was made to establish 
the dialyzable factors in media containing serum and embryo extract. This 
report deals with the amino acids required by RM3 cells for proliferation in a 
medium containing 2 per cent dialyzed horse serum, and the relative concentra- 
tions of each which permits optimal proliferation under these conditions. 

*Former United States Public Health Service Research Fellow of the National 
Microbiological Institute. 

{Supported by a grant from The National Foundation for Infantile Paralysis. 
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Methods 


Media and Reagenis——Medium 56 contains 5 per cent chick embryo extract 
(CEE), 10 per cent normal horse serum (NHS), and 85 per cent solution $ig 
(Table I). Medium 73 is composed of S16 (Table I) supplemented with 2 per cent 
cent dialyzed horse serum (DHS). CEE is prepared according to the procedure of 


TABLE I 
Composition of Media 





1 
| Concentration Concentration 
| 





S16* $18* S16 S18 





mM mM 
Alanine 0.66 || Calcium chloride ‘ 1.8 
a-Aminobutyrict 0.08 || Magnesium sulfate ; 0.8 
Arginine 0.20 | 0.10 | Potassium chloride . 5.4 
Asparagine 0.05 || Sodium bicarbonate 
Aspartic 0.11 | 0.07 | Sodium chloride 

Cystine 0.05 | 0.02 | Sodium monobasicphosphate 
Glutamic 0.11 | 0.07 | Glucose 

Glutamine 2.00 | 1.00 || Phenol red 


Glycine 0.30 | 0.20 
Histidine 0.05 | 0.02 | Biotin 
Hydroxyproline 0.05 | 0.03 | Choline 
Isoleucine 0.25 | 0.20 || Folic acid 
Leucine 0.25 | 0.10 | Nicotinamide 
Lysine 0.25 | 0.10 | Pantothenic acid 
Methionine 0.10 | 0.05 | Pyridoxal 
Ornithine 0.16 | 0.11 | Riboflavin 
Phenylalanine 0.15 | 0.05 | Thiamin 

Proline 0.13 | 0.09 | Vitamin B12 


Serine 0.25 | 0.09 
Threonine 0.25 | 0.10 |) Glucuronic acid 
Tryptophan 0.03 | 0.01 | Orotic acid 

Tyrosine | 0.10 | 0.10 
Valine 0.25 | 0.10 





























* Medium contains 100 units penicillin G and 50 yg. streptomycin sulfate per ml. 
t pL-a-aminobutyric acid; all other amino acids are of L-configuration. 


Swim and Parker (4). DHS is prepared as follows: sterile NHS is dialyzed (seamless, 
cellulose tubing, Visking Corp., 0.85 inch diameter, average pore radius of 24A) at 4° 
C. with continuous agitation against 15 volumes of distilled water for 24 hours 
(water changed at 16 hours). The water is then replaced with an equal volume of 
Earle’s saline (5) lacking bicarbonate at pH 7.2, and dialysis is continued for an 
additional 16 hours. Trypsin (Nutritional Biochemicals Corp., 2 x crystallized 
containing 50 per cent MgSO,) is employed as a 0.01 per cent solution in a modified 
S18 (pH 8.0) containing 0.01 m tris (hydroxymethyl) aminoethane instead of sodium 
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bicarbonate. Citric acid-crystal violet solution for nuclear counting contains 6 per 
cent citric acid and 0.01 per cent crystal violet. 

Preparation of Duplicate Cultures.—Stock cultures are propagated in medium 56 
according to methods described previously (1). Duplicate flasks are prepared from 
6 to 8 day old stock cultures as follows. The cells are released from the glass and 
largely dispersed by replacing the medium in each T-60 flask (6) with 5 ml. of trypsin 
solution, and incubating the flask at 37 C. for 5 to 8 minutes. The resulting suspen- 
sion of cells is diluted with 3 volumes of medium 56 and centrifuged at 500 g for 
3 minutes. The supernate is discarded, the cells are washed once with 10 ml. of me- 
dium, and finally resuspended by vigorous and repeated pipetting in medium 56 
at a concentration of approximately 4 X< 10° per ml. Clumps of cells are largely 
removed by passing the suspension through a sintered-glass filter (Ace Glass, Inc., 
Vineland, New Jersey, porosity B). The filtrate is diluted with medium 56 so as to 
contain 1 X 10° cells per ml. as determined by counting directly in a hemocytom- 
eter, and 2 ml. aliquots are dispensed into T-15 flasks (6) which are incubated at 
37 C. 

Determination of Growth Response to Experimental Media.—Medium 56 is removed 
from groups of 2 to 4 duplicate flasks which have been incubated for 24 hours, and 
the cells which adhere to the glass are washed with 2 ml. of experimental medium. 
Two ml. of experimental medium are then added and the flasks are incubated at 
37 C. The medium is replaced on the 3rd day and the experiments are terminated 
on the 6th day. The cells in each flash are enumerated by a modification of the nu- 
clear counting procedure of Sanford e¢ al. (7). The experimental medium is replaced 
by 1 ml. of trypsin, and the flasks are incubated for 5 minutes at 37 C. so as to re- 
move the cells from the glass. After incubation, 2 to 4 ml. (depending on the number 
of cells) of citric acid—crystal violet solution are added to each flask, and the nuclei 
are either counted immediately or the flasks are stored at 4 C. A uniform suspen- 
sion of nuclei, free from cytoplasm, is obtained by shaking the flasks for 5 minutes 
at a rate of 120 cycles per minute on a reciprocating shaker (Eberbach and Son Co., 
Ann Arbor, Michigan, variable speed blood pipette shaker, equipped with a holder for 
T-15 flasks). Aliquots of the suspension are placed in a hemocytometer chamber 
immediately and the nuclei are counted. 


EXPERIMENTAL AND RESULTS 


It was observed that RM3-56 cells proliferate when subcultured into medium 
73. To ascertain which of the amino acids in medium 73 are essential under these 
conditions, the growth response of RM3 to experimental media lacking in a 
single amino acid was determined quantitatively. The results are summarized in 
Table II. When either cystine or glutamine (considered as an amino acid for 
purposes of this discussion) is omitted from the medium, the cells not only 
fail to proliferate but undergo marked degenerative changes within 3 to 5 
days (compare Figs. 1 and 2 with 3). On the other hand, when arginine, his- 
tidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryp- 
tophan, tyrosine, and valine are omitted separately, the cells do not proliferate 
significantly but remain in good condition for periods of 2 to 3 weeks (Figs. 
4 and 5) if the medium is replaced at regular intervals. It will also be noted in 
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TABLE II 
Effect of Omitting Amino Acids Separately from Medium 73 on Proliferation of Strain RM3-56 





Amino acid omitted Growth index* Amino acid omitted Growth index* 





None 
Arginine 
Cystine 
Glutamine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Tryptophan 


Tyrosine 

Valine 

Serine 

Alanine 
Asparagine 
a-Aminobutyric 
Aspartic 
Glutamic 
Glycine 
Hydroxyproline 
Ornithine 
Proline 


RPK RENAN ASOOUN W& 











Aocnwnewmrn kr OAC UC SO 





* Average values for 2 or more experiments. 


TABLE III 
Effect of Adding Amino Acids to a Modified Basal Medium on Growth of RM3-56 





Additions to modified basal medium* Growth indext 





None 

Serine 

I + II + Ill§ 

Serine + I + II + III 
I 

II 

Ill 

Alanine or glycine 
Serine + I 

Serine + II 

Serine + III 

Serine + I + II 
Serine + alanine 
Serine + alanine + II 


Ur UWP PHN WN HW We 
RBI WwWwWOoOAwWwWNnNnOUN OUP 








* Alanine, a@-aminobutyric, asparagine, aspartic, glutamic, glycine, hydroxyproline, 
ornithine, proline, and serine omitted from medium 73. 

t Average of 5 or more experiments. 

§I = alanine, a-aminobutyric, asparagine; II = aspartic, glutamic, glycine; III = 
hydroxyproline, ornithine, proline. I, II, and III employed throughout in concentrations 
indicated for $16 (Table I). 


Table II that the degree of proliferation is reduced significantly in the absence 
of serine, whereas single omissions of the remaining 9 amino acids are without 
effect. 


The fact that proliferation is reduced in the absence of serine suggested the 
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possibility that the requirement for this amino acid was less specific than for 
the other 13 essential amino acids. This was substantiated by experiments 
employing a modified basal medium (Table III) which contains no serine and 
lacks the 9 amino acids which appeared to be non-essential when omitted 
separately (hereafter referred to as accessory amino acids). Under these condi- 
tions no proliferation is obtained in the absence of serine. To establish the 
amino acids which partially substitute for serine, the group of 9 accessory 
amino acids was divided into groups of 3 (groups I, II, and III in Table III), 


TABLE IV 
Proliferation of RM 3-56 Fibroblasts as a Function of the Concentration of Essential Amino Acids 





Amino acid concentration, ma 


Concen- 
; ; tration 
t-Amino acid 0 | 0.005 | 0.01 0.02 | 0.03 0.08 | 0.1 | 0.2 | 0.5 1 | s | permitting 





maximal 
Index of proliferation after 6 days poe 








mM 
0.04 
0.02 
0.3 
0.01 
0.05 
0.05 
0.05 
0.02 
0.03 
0.05 
0.05 
0.005 
0.02 
0.05 


Arginine 15 
Cystine 16 
Glutamine 15 
Histidine 18 
Isoleucine 16 
Leucine | 17 
Lysine | 13 
Methionine 19 
Phenylalanine 17 
Serine 13 
Serine* 17 
Threonine 17 
Tryptophan 18 
Tyrosine 18 
Valine 18 
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* Alanine, @-aminobutyric, asparagine, aspartic, glutamic, glycine, hydroxyproline, 
ornithine, and proline in addition to serine omitted from the medium. 





which were tested singly and in various combinations. Some proliferation was 
obtained with each group, although group II, containing aspartic, glutamic 
and glycine, appeared to be the most effective. With the exception of glycine 
and alanine, no attempt has been made to assess the contribution made by 
the individual amino acids of each group, since the differences in growth re- 
sponse fall within the limits of experimental error. The problem is further 
complicated by the fact that maximal proliferation is not obtained in the pres- 
ence of serine unless accessory amino acids are added to the medium (Table 
III). Alanine (or group I amino acids) provides the greatest stimulation to 
growth whereas group III (hydroxyproline, ornithine, and proline) is without 
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effect. Since the apparent stimulation by group II is within the limits of accu- 
racy of the nuclear counting procedure, no attempt has been made to test the 
activity of the constituent amino acids. 

The growth response of RM3 as a function of the concentration of each of 
the essential amino acids is illustrated in Table IV. With increasing concen- 
trations of a single amino acid there is a corresponding increase in the number 
of cells until a maximal response is obtained at concentrations which range 
from 0.005 mm to 0.3 mm, depending on the amino acid. Moderate increases 
in the concentration of amino acids above that permitting maximal prolifer- 
ation are without effect, but certain amino acids are toxic at relatively high 


TABLE V 
Lack of Growth Response of Strain RM3-56 to p-Amino Acids 





| Concentration of p- or L-amino acid* 
t-Amino acid 


a 0 | 1Xpb | 2X»p |sxp+a 1x2 








Growth index after 6 days 





0.02 
0.01 
0.03 
0.05 
0.02 
0.03 
0.05 
0.05 
0.005 
0.02 
0.05 
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* Expressed as multiples of concentration of L-amino acid which permits maximal pro- 
jiferation (column 2). 


concentrations. Cystine inhibits proliferation at a concentration as low as 0.5 
mm, and at 1 mm, marked degenerative changes occur (Fig. 6). Inhibition of 
growth and cellular degeneration is also produced by 5 mm tryptophan and 
tyrosine, whereas the same concentration of lysine or valine only inhibits 
proliferation. No toxic manifestations are observed with the remaining essen- 
tial amino acids when added in concentrations up to 5 mm. 

The results presented in Table V indicate that the p-enantiomorphs of the 
essential amino acids will not replace the L-isomers, and do not inhibit growth 
in the presence of L-amino acids when added in concentrations exceeding those 
of the latter by a factor of 5. The p-isomers of arginine and lysine are also in- 
active in this regard, as indicated by the response to graded concentrations 
of racemic mixtures. 
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DISCUSSION 


The results of these studies indicate that rabbit fibroblasts, strain RM3-56, 
require arginine, cystine, glutamine, histidine, isoleucine, leucine, lysine, 
methionine, phenylalanine, serine, threonine, tryptophan, tyrosine, and val- 
ine for proliferation in a medium containing 2 per cent dialyzed horse serum 
as the only undefined constituent. It is of interest that several permanent 
strains of cells of human and murine origin, whose amino acid requirements 
have been determined under similar conditions, require the same amino acids 
as indicated for RM3-56 with the exception of serine (8-10). On the other 
hand, the Walker rat carcinoma which does not require serine has an addi- 
tional requirement for asparagine (11). The fact that serine is essential for 
RM3-56 is believed to be a reflection of the nutritional history of the strain 
rather than an indication of its origin since the results of recent experiments 
indicate that the nutrition of mammalian fibroblasts is, within limits, a func- 
tion of the composition of the medium in which they are propagated (12, 13). 
Similarly, the demonstration that cystine, glutamine, serine, and tyrosine are 
essential for fibroblasts whereas they are not required for growth or for main- 
tenance of nitrogen balance in several mammalian species (14) is not inter- 
preted as indicative of the degree to which nutritional synergism exists be- 
tween cells possessing different physiological functions in the intact animal. 
In this connection, evidence was presented earlier (1) that strain RM3 is an 
example of fibroblasts derived from normal tissue which have undergone nu- 
tritional alterations in vitro. RM3-56 appears to be less fastidious than newly 
established strains of rabbit fibroblasts, but it remains to be determined 
whether this is related to its amino acid requirements. 

The requirement for serine is less specific than that of the remaining 13 es- 
sential amino acids since some growth is obtained in the absence of serine 
when various so called accessory amino acids are present. It appears that 
RM3-56 can synthesize some serine from glycine or alanine (Table III), but 
this requires confirmation by biochemical procedures. It is difficult to assess 
the individual contributions of the remaining accessory amino acids to pro- 
liferation in the absence of serine because the differences in growth response 
are within the limits of experimental error. The fact that alanine stimulates 
proliferation in the presence of all 14 essential amino acids may indicate that 
it is also required but that a deficiency does not become apparent within 6 
days. It has not been possible to investigate this possibility by propagating 
cells serially in experimental media since medium 73 does not permit growth 
of RM3-56 for more than one subculture. On the other hand, RM3-56 may be 
unable to synthesize alanine at a rate consistent with maximal proliferation or 
this culture may be composed of more than one nutritional type of cell, a pro- 
portion of which have a specific requirement for alanine. It is anticipated that 
the interrelationships of serine with other amino acids and the role of alanine 
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in cell nutrition can be evaluated by employing a variant isolated recently 
from a culture of RM3-56 which can be propagated serially in medium 73 (12). 

The response of various strains of cells to amino acid deficiencies in relation 
to their cultural and morphological characteristics deserves special considera- 
tion. In the case of RM3-56 cellular degeneration is observed during the 1st 
week only when cystine or glutamine is omitted from the medium. Similarly, 
freshly explanted chick embryo fibroblasts degenerate in the absence of cys- 
tine (2, 3) or glutamine (15) under conditions which permit limited prolifera- 
tion when other amino acids are omitted. Newly established strains of human 
fibroblasts derived from foreskin respond to amino acid deficiencies in a man- 
ner similar to that described for RM3-56. These data are in direct contrast 
to the results obtained with malignant cells strains HeLa (8) and L (9) and 
with morphologically altered fibroblasts, strain U12 (10). It is of particular 
interest that the adverse effects of unbalanced metabolism resulting from 
amino acid deficiencies appear to be more pronounced with morphologicaly 
altered or malignant cells than with newly established strains or permanent 
lines with similar morphological characteristics. The extent to which this ap- 
parent generalization is applicable and the degree to which differences in re- 
sponse to amino acid deficiencies reflect variations in the over-all physiology 
of the various strains remain to be determined. 

The concentration of the essential amino acids which permits maximal pro- 
liferation of RM3-56 varies over a range of 0.005 to 0.3 mm. These results are 
quantitatively similar to those obtained with strains HeLa (8), L (9), and 
U12 (10) under analogous experimental! conditions. The toxic manifestation 
elicited by high concentrations of certain amino acids confirms the results of 
early studies by Burrows and Neymann (16). RM3-56 resembles strains HeLa, 
L, and U12 in that the degree of toxicity varies with the structure of the 
amino acid and is a function of its concentration. It should be noted, however, 
that as in the case of the concentration of the individual amino acids which 
permits maximal proliferation, each strain of cells possesses a certain degree 
of individuality. 
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EXPLANATION OF PLATES 


The magnification of each figure is approximately 150. 


PLATE 1 


Fic. 1. A typical culture of RM3-56 after 7 days in medium 73. 
Fic. 2. RM3-56 after 7 days in absence of glutamine. 
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PLATE 2 


Fic. 3. RM3-56 after 14 days in the absence of arginine. 


Fic. 4. RM3-56 after 12 days in absence of leucine. 
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PLATE 3 


Fic. 5. RM3-56 after 6 days in absence of cystine. 


Fic. 6. RM3-56 after 7 days in presence of 1 mm cystine. 
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ABSTRACT 


The unidirectional fluxes of Cl- and Nat across the frog gastric mucosa in vitro 
were investigated with radioactive isotopes, and related to the secretory and electri- 
cal properties of the normal, and metabolically inhibited, mucosa. The flux of Cl- 
from nutrient to secretory surface of the mucosa was observed to rise sharply with 
increasing acid secretion, while the corresponding flux of Na* did not change appre- 
ciably. Lowering [NaCl] in the secretory solution caused a proportional drop in the 
fluxes from secretory to nutrient surface, of both Cl- and Nat. Under the same con- 
ditions, the flux of Cl- from nutrient to secretory surface fell by nearly the same 
amount as did the flux of Cl- in the opposite direction, while the flux of Na* from 
nutrient to secretory surface remained essentially unchanged. Electrical and hydro- 
dynamic causes for this observation could be excluded. Metabolic inhibitors, includ- 
ing cyanide, azide, DNP, and anaerobiosis depressed Cl~ flux in both directions dis- 
tinctly below the corresponding values observed with the normal, non-secreting mu- 
cosa. At the same time, a decrease in electrical potential difference and conductance 
was observed under inhibition. The flux of Nat was little changed by metabolic 
inhibition. The relationship between fluxes and conductance of Cl~ during metabolic 
inhibition differs markedly from that observed under normal conditions, and is con- 
sistent with the view that during metabolic inhibition most of the Cl- moving across 
the mucosa does so as a free ion. From the above data it is concluded that CI- is 
normally transported across the mucosa in combination with a carrier, the supply of 
which is impaired under metabolic inhibition. According to the behavior of the Na* 
flux, the passive permeability of the mucosa appeared to be little affected by the 
metabolic inhibition applied, but seemed to rise considerably after death of the 
mucosa, probably due to structural damage. 


INTRODUCTION 


In most of the earlier theories of the mechanism of gastric acid secretion, 
it was assumed that free chloride ions follow passively the secreted hydrogen 
lons, So as to maintain electric neutrality (2, 3). This view has been challenged 


* A preliminary communication of part of the results has been made (1). The work 
has been supported in part by the Atomic Energy Commission and by a grant (NSF- 
G-1391) of the National Science Foundation. 
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by Rehm (4), who pointed out that the electric potential difference across the 
mucosa is opposite in sign to that required for passive chloride transport. 
According to recent evidence of Hogben (5), the potential difference is, rather, 
caused by an active mechanism for the transport of chloride ions across the 
mucosa towards the lumen. Furthermore, various observations seem to indi- 
cate that most of the chloride passes the mucosa in a “‘combined state’’ (5-7), 

The purpose of the present experiments has been to investigate essential 
features of the mechanism for chloride transport, and its linkage with metab- 
olism. Measurements of flux, and of membrane conductance, have been made 
with either normal, or greatly reduced concentration of Cl- in the solution 
bathing the secretory surface of the membrane; and with either a normal mu- 
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SCHEMATIC CHAMBER ASSEMBLY 
Fic. 1. Schematic assembly of mucosal chambers. 


cosa, or one under metabolic inhibition, such as produced by 2: 4-dinitrophenol, 
cyanide, or anoxia. 

A model of a specific mechanism for active Cl- transport in the stomach is 
outlined, consistent with the experimental results. 


Apparatus and Methods 


Assembly and Solutions.—Frogs, Rana pipiens, were kept at room temperature be- 
fore use. After pithing the frog, the stomach was removed and opened, and the mu- 
cosal layer separated by blunt dissection from the muscle coat. The mucosal mem- 
brane was mounted between two similar lucite chambers, previously (8) described, 
and indicated schematically in Fig. 1. The serosal surface was bathed with a buffered, 
oxygenated, physiological solution (nuérient solution), the composition of which is 
given in Table I; the mucosal surface was bathed with a similar, but unbuffered, 
solution, (secretory solution). In some experiments a special secretory solution with a 
reduced concentration of NaCl was used (low chloride secretory, or LCS solution). 
Experiments were conducted at 25 + 1°C. 





ERICH HEINZ AND RICHARD P. DURBIN 103 


After a period of 15 to 20 minutes from the time of mounting, the potential differ- 
ence across the mucosa reached a steady value, ranging between 25 and 55 mv., 
with the serosal (nutrient) surface positive with respect to the mucosal (secretory) 
surface. In most cases, after about an hour, the membrane began to secrete acid 
spontaneously. 

Electrical Measurements.—The potential difference was measured, using two 
Beckman calomel electrodes in conjunction with either a pH meter (Beckman, model 
G), or a recording, high impedance millivoltmeter (Varian, model G-10). 

Conductance measurements were made by passing a fixed, direct current of 75 
microamperes through the mucosal membrane, using Zn:Zn acetate agar:saline agar 
electrodes. The change in potential difference after the onset of current occurred in 
two phases; an abrupt change complete in a fraction of a second, and a smaller change 
(in the same direction) which required a few minutes for completion. After discon- 


TABLE I 
Physiological S olutions 








| 
Compound Nutrient solution | Secretory solution (S) Low ait aw 


ma/liter ma /liter 


| 
NaCl 84.6 102.1 at 
KCl 3.2 4.3 | 





mM /liter 


CaCl. 1.8 1.8 
KH.PO, 0.8 — 
MgSO,-7 HO 0.8 0.8 
NaHCO, 17.8 _ 
Glucose 5.5 an 
Mannitol _ _ 








tinuing the current, the same sequence occurred in the opposite direction. The slower 
change, which may be compared to a polarization effect, has been observed to depend 
on the condition of the membrane, and seems to disappear for an inhibited mem- 
brane. 

Let the limiting potential difference (1 to 2 minutes after the onset of current) be 
E, the spontaneous potential difference Zo, and the current per square centimeter of 
membrane J. The “final’’ resistance R in ohms-cm.? is given by 

E— & 


R= — R, 
I 


in which R, is the resistance of the solution, 1 sq. cm. in area, between the two po- 
ential electrodes (about 2 mm. apart). Conductances, in mhos per square centimeter 
of membrane, are obtained by taking the reciprocal of R. 

Usually, except for the time required for conductance measurements, no current 
was passed through the membrane (open-circuit condition). For special purposes, 
however, the current electrodes were used to reduce the potential difference across 
the mucosa to zero (short-circuit condition). It should be kept in mind that the pur- 
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pose of this procedure is merely to eliminate the potential difference between the two 
surfaces of the membrane. 

Measurement of Acid Production.—Acid secretion was followed by the use of a 
glass electrode to measure the pH of the secretory solution. Correction for the H+ 
activity coefficient was made experimentally by placing known amounts of HC] in 
the proper volume of the appropriately gassed secretory solution, and measuring the 
resultant pH. As a check, aliquots of the secretory solution were taken at the end of 
major parts of the experiment, and titrated electrometrically to pH 7. Values of the 
H* concentration obtained by these two methods usually agreed within +10 per 
cent. 

Fluxes.—The unidirectional movement (flux) of chloride ion across the mucosa 
was measured by replacing part of the chloride in one solution by Cl**, obtained from 
the Atomic Energy Commission at Oak Ridge. At regular intervals thereafter samples 
were withdrawn from the opposite solution for counting. 

In many of the experiments, the flux of sodium ion in the same direction, at the 
same time, was measured using Na™, obtained from the Atomic Energy Commission 
at Brookhaven. Samples containing Na™ were counted in liquid form in a well-type 
scintillation counter, using an absorber to stop beta radiation from Cl**. After allow- 
ing a week for the decay of Na™, samples were counted for Cl** in a flow-type propor- 
tional counter, using the method of Hunter and Commerford (9). The samples were 
made alkaline before drying, to prevent evaporation of HCI*. 

Metabolic Inhibition.—Several different methods for achieving metabolic inhibition 
were used in the present study, of which two require special comment. (a) Anaero- 
biosis (anoxia). Instead of the usual procedure of oxygenating and stirring the nu- 
trient and secretory solutions by 95 per cent O. + 5 per cent COs, and 100 per cent 
O: respectively, the solutions were stirred with argon + 5 per cent COs, and nitrogen. 
The chambers were closed, except for a small gas outlet, to avoid contamination by 
atmospheric oxygen. (b) Cyanide. Because of the basic reaction of NaCN, the bi- 
carbonate concentration in the appropriate nutrient solution was reduced to give the 
normal pH of 7.3. The cyanide solution was prepared the day of the experiment; 
and to reduce loss of gaseous cyanide from the chamber, the stirring gas was first 
bubbled through a large volume of the same solution. 


RESULTS 


Effects of Lowering Chloride for Normal Mucosa.—In these experiments the 
solution which normally bathed the secretory surface of the mucosa was re- 
placed by the low-chloride secretory solution (Table I). The effect of this change 
on the flux of chloride from nutrient to secretory surface, °} , is illustrated 
in the plot of a typical experiment (Fig. 2). A pronounced drop in chloride 
flux is observed, which is reversed upon restoring the original solution. 

It was found that the magnitude of ®S! increases with the rate of acid 
production (10). Hence, in order to compare the fluxes at corresponding secre- 
tion rates, ®S| is plotted against the acid secretion rate in Fig. 3 A. Lines have 
been drawn, using the method of least squares, to indicate the trend of the 
two sets of data. From the figure, it may be seen that ®S, at any particular 
secretion rate, is greatly reduced by lowering the secretory NaCl concentration. 
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Usually the lowering of [CI-], was accompanied by an increase of 10 to 20 
mv. in the potential difference measured across the mucosa. But in every 
case in which the low chloride solution was used, including experiments in 
which the change in potential difference was absent, or suppressed by the use 
of an external electromotive force, the sharp drop in ©°, was observed. 

Figs. 2 and 3 B show the contrasting behavior of the sodium flux, 32", 
measured simultaneously with #°. . Two points are evident: first, the Nat 
flux does not change in any regular fashion with increasing acid secretion; 
second, the Na* flux in the nutrient to secretory direction does not depend on 
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Fic. 2. Effect of chloride concentration in the secretory solution (érans-concentra- 
tion) on chloride flux from nutrient to secretory solutions. S denotes the normal 
secretory solution, LCS, low chloride secretory solution, ~.d., continuously recorded, 
electric potential difference in millivolts. Flux measurements are made over half-hour 
intervals, and the resulting levels are connected by the interrupted lines. 


the concentration of Na* in the secretory solution. It may be noted from Fig. 
2 that the increase in potential difference which accompanied the lowering of 
[NaCl], left the Nat flux unchanged. Evidently, the electrical effects of a 
lowered [NaCl], cause changes in the Na* flux of the same order of magnitude 
(10 to 30 per cent) as those due to spontaneous fluctuation or to errors in meas- 
urement. 

In other experiments the effect of lowering the secretory NaCl concentration 
on the fluxes of Na+ and CI in the opposite direction, from the secretory to 
the nutrient surface, was measured. Fig. 4 shows that both the Na+ and Cl- 
fluxes in this direction were directly proportional to the secretory NaCl concen- 
tration, between 25 and 120 mm/liter. Short-circuiting the mucosa had no 
significant effect on the results. 

Effects of Metabolic Inhibition. Fluxes.—To investigate the relationship be- 
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tween Cl transport and the metabolism of the mucosa, the effects of several 
metabolic inhibitors on the unidirectional fluxes of Na+ and Cl were studied. 
In accordance with Davies’ work (2), it was found that 2:4-dinitrophenol 
(DNP) in the nutrient solution at a concentration of 10~ molar is a potent 
inhibitor of acid production and of the generation of a potential difference by 
the mucosa. The effect of the addition of DNP on the flux of CI in either 
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Fic. 3. Compilation from 15 experiments of the effect of reduced secretory NaCl 
concentration, [NaCl]., on the N to S fluxes of chloride (part A) and sodium (part B). 








direction may be seen in Table II. The flux in either direction is markedly 
depressed by DNP. This depression is greater than could be accounted for by 
the inhibition of acid secretion, as can be seen from Fig. 3 for the appropriate 
rate of acid secretion. In support of the finding are the measurements on resting 
mucosa in Table II. In this case also, the effect of DNP is to depress both 
fluxes. 

If the above action of DNP is due to the blocking of an essential metabolic 
pathway, other means of metabolic inhibition should give similar results. 
Table III shows the chloride and sodium fluxes from the nutrient to the secre- 
tory solution before and after inhibition by cyanide, azide, and anoxia, as well 
as by DNP. All these inhibitors, and anoxia, uniformly depress the chloride 
flux but do not change the corresponding sodium flux appreciably. 
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Fig. 4. Effect of chloride concentration in secretory solution (cis-concentration) 
on chloride flux from secretory to nutrient solution. 


TABLE II 
Effect of Metabolic Inhibition by DNP on Chloride Fluxes 





Normal (control) DNP (10 w/liter) 





Flux Secretion rate Flux Secretion rate 





(yseq./cm.thr.) (ueg./cm.*hr.) (ueq./cm.*hr.) (ueq./om.thr.) 
Nutrient to 5.9 0.39 13 
secretory 








1 
4 
1 
7 


1 
a 
2. 
2 


Secretory to 
nutrient 











Fig. 5 illustrates the effect of prior treatment with DNP on the reduction of 
by lowering [CI-],. Under metabolic inhibition, the effect of lowered 
(Cl], decreases progressively with time. It disappears completely after death. 

Conductances—Hogben has found (5, 6) that the theoretical relationship* 


‘ Unpublished observation. 
*The partial conductance, k, of an ion moving between two solutions in the ab- 


RT® in which ® is the flux of 


the ion, z its charge, and F, R, and T have the usual chemical meaning. 


sence of an electrochemical gradient is given by k = 
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Fic. 5. Effect of lowered NaCl concentration in secretory solution (érams-concen- 
tration) on N to S fluxes of sodium and chloride, for a mucosa inhibited by 10~ 
molar DNP. 


TABLE III 
Effect of Various Inhibitors on the Nutrient to Secretory Fluxes in the Short-Circuited Mucosa 





Normal, resting mucosa Mucosa under metabolic inhibition* 


Chloride flux, N — S 





(seq./cm2hr.) 








Sodium flux, N— S 
(yeqg./cm2hr.) 

1.02 (azide) 
0.99 (anoxia) 
0.96 (cyanide) 


1.00 
+0.15 














* Type of metabolic inhibition is shown in parentheses. Standard deviation is denoted 
by S.D. 


between the fluxes and partial conductance of a free ion (11, 12) does not 
apply to the case of chloride movement in the gastric mucosa. That is, the 
measured total conductance of the membrane was found to be only about a 
third of the conductance calculated for the chloride ion alone. The contribu- 
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tions to the conductance due to the fluxes of other ions, such as Na*, increase 
the disagreement between measured and calculated conductances. The present 
experiments confirm this observation, as may be seen from the data for normal 
mucosae presented in Fig. 6. For a short-circuited mucosa, the calculated par- 
tial conductance in millimhos/cm.? is numerically almost equal to the flux, 
in microequivalents/cm.?-hr., so that either quantity may be read from the 
ordinate in Fig. 6. 
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Fic. 6. Effects of metabolic inhibition and irreversible damage (death) on meas- 
ured and calculated conductances of the mucosa. The average effect of several types 
of inhibition (including DNP, anoxia, azide, and cyanide) is shown. 


The disagreement between calculated and measured conductances is strik- 
ingly lessened by any form of metabolic inhibition, as shown in Fig. 6. Under 
inhibition, the measured conductance falls, corresponding to a rise in resistance. 
Because of the drastic reduction of Cl flux (Table IIT) the calculated partial 
conductance for Cl- is lowered enough to reduce distinctly the discrepancy 
between calculated and measured conductances. On the other hand no consist- 
ent effect on sodium ion flux, or conductance, was observed upon inhibition. 

The results tabulated for irreversible damage (death) in Fig. 6 were obtained, 
using membrances stored at room temperature under conditions of anoxia for 
approximately 18 hours (early) or 30 hours (advanced). In both cases, the agree- 
ment between measured total conductance, and the sum of the calculated par- 
tial conductances for the major ions, Nat and CI-, is excellent. In the case of 
“advanced irreversible damage,” a gross deterioration in the physical structure 
of the mucosal membrane is apparent from the fluxes. 
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Theory 


In the kinetic treatment of transport processes across membranes it has 
become customary to distinguish between two unidirectional fluxes, which can 
be separated from each other with the help of isotopic labelling. If movement 
is by free diffusion only, to which Fick’s law applies, the two opposing fluxes 
must be independent of each other, and each flux is a function of the membrane 
permeability and an appropriate driving force. Such a function cannot be 
evaluated at present for a membrane as complex as the gastric mucosa. It can, 
however, be safely assumed that the flux of a freely diffusing solute depends 
but slightly on the concentration of the solute in the solution towards which 
the flux is directed (¢rans-concentration), provided the appropriate driving 
force and membrane permeability remain constant. This statement is no longer 
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Fic. 7. Idealized system for carrier transport. [A];, [A], denote concentrations of 
transported solute A in solutions 1, 2 respectively. The solid lines denoted by [AX] 
and [X] represent the concentration gradients of carrier complex and carrier, respec- 
tively, within the membrane. If A is labelled in either solution, the resulting gra- 
dients for labelled AX are shown by the dotted lines. 


valid if the penetrating solute interacts with a mobile membrane constituent 
(carrier) to form a complex. A simplified model will be used to visualize the 
characteristic features of such a transport. 

For this purpose, an idealized system is assumed, consisting of two solutions 
(1 and 2) separated by a homogeneous phase, which may represent the critical 
phase of any transporting membrane (Fig. 7). The solutions are presumed to 
contain a special solute A which can penetrate the membrane only in combina- 
tion with a mobile constituent, X, of the membrane. Obviously, for such a 
system, the flux equation (13, 14) does not hold; i.e. the ratio of the fluxes 


b4,/P4 = G4;/a2 (1) 


(4) of the solute from either solution need not be equal to the ratio of the 
electrochemical activities (@,) in the corresponding solutions. 

An appropriate extension of the derivation of the flux equation, however, 
leads us to the conclusion that, in such a carrier system, the above flux ratio 
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must be equal to the ratio of the electrochemical activities of the complex 
(G,x) at the corresponding interfaces between membrane and solution. 
b4/94 sa Gax;/dax2 (2) 

In order to derive, on this basis, the relationship between a single flux of A 
and the activities of the solute in both solutions 1 and 2, the simplifying assump- 
tions which follow, have been made. (i) Formation and dissociation of the car- 
rier complex occur instantaneously, according to the mass action law, at and 
only at the two interfaces. (ii) Neither the carrier nor the carrier complex can 
leave the membrane phase. (iii) The effect of electric potential difference on 
the movements of carrier and carrier complex is negligible, as is the case for a 
short-circuited membrane. (iv) Hydrodynamic effects are negligible. (v) Both 
solutions are well stirred and homogeneous in composition. (vi) The chemical 
activities of all components can be replaced by the corresponding concentra- 
tions. 

In the steady state, since the membrane phase is considered to be homogene- 
ous, the concentration gradients of complex and carrier approach linearity. 
Assumption (7) implies that in the case of isotopic labelling of the solute A 
in either solution the specific activity of the complex is virtually zero at the 
interface in contact with the unlabelled solution. The concentration gradients 
for the labelled complex under these conditions, are indicated in Fig. 7 by 
broken lines. 

Let K be the affinity constant between A and X, using subscripts 1 and 2 
to denote the appropriate interface. We may write 


Ki: [|X]. (Ah = [AX]; (3) 

K2-[X]2:[Ale = [AX] (4) 

The affinity constants, K, and Ke, should be equal in passive transport, but may 
be different in the case of active transport, as is discussed below. 

Within the membrane, at steady state, the flux of X (either free or combined) 

from 1 to 2 equals the flux of X from 2 to 1. Accordingly, denoting by #; 


the flux of A from 1 to 2, and by kux and kx the permeability coefficients within 
the membrane of AX and X respectively, we may write: 


@f4 = kax (AX): (5) 
kax{AX]i = Rax[AX\o + Rx{[X]2 — (Xhi} (6) 


It is convenient to define [X]o, the average concentration of carrier (free 
and combined) over the membrane phase. 


[Xb = 4{[AX] + [AX]2 + [Xh + [X]:} (7) 


By combining Equations 3 through 7, we can eliminate [X];, [X]2, [A X]:, 
and {A X]», and obtain: 


a os 2haxKilAlilX]o(ka xKolAle + kx) ; *. 
0 hax Ki Kil AilAle + (kax + kx)(KilAhi + KelA]s) + 2hx 





(8) 
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Hence the unidirectional flux of A from side 1 to side 2 is a function of the 
cis-concentration [A ];, the ¢rams-concentration [A], and the mean carrier con- 
centration [X]o, as well as the appropriate affinities and rate coefficients. Be- 
cause of the large number of unknowns, the predicted flux from Equation 8 
cannot be easily compared to experiment. We may, however, consider sepa- 
rately the dependence of ©; on the ¢rans-concentration. The form of this rela- 
tionship depends on the relative magnitudes of the rate coefficients, ky and 
k,x. It is convenient to assume three widely separate possibilities for the rate 
coefficients; (1) kx much greater than kx, (2) kx much less than kyx, (3) ky 
equal to kax. The resulting conclusions may then be compared to the experi- 
mental observations. 

(1) kx = kax. In this case, Equation 8 reduces to the familiar Michaelis- 
Menten relationship: 


dy. 
as 1+ KilAh 


(9 a) 
The flux is here independent of [A ]» (the ‘rans-concentration). It may be con- 
cluded that if the two rate coefficients are of similar magnitude, the uni- 
directional flux does not depend appreciably on the érans-concentration. 

(2) kx & kax. Again Equation 8 is considerably simplified, since all terms 
with ky as a factor may be neglected in comparison with terms containing k,r. 


2kaxKiKA)[A}alX]o 


A => 
Pir 2KiKalAhilAle + KilAh + KelAle 





(9 b) 


If [A]; is kept constant experimentally, Equation 9 6 takes the general form: 


alAl}e 


Coe = Xi 
, Xho + alAk 


The flux depends strongly on the érans-concentration, and increases with in- 
creasing [A], towards a maximum value [X]o(a/y). 

(3) kx > kax. Neglecting terms containing k4x as a factor in comparison 
with terms containing the factor kx in Equation 8, we obtain: 


2kaxKilAlilXlo 


Pi, = 
2 + KilAli + KalAle 





(9 ¢) 


At constant [A], this equation predicts a decrease in flux with increasing érans- 
concentration, [A ]e. 

The results previously cited show a considerable reduction of the chloride 
flux from the nutrient to the secretory surface, if the érans-concentration of 
chloride is appreciably lowered. To the extent that the model (Fig. 7) and 
Equation 8 represent the transport of chloride through the gastric mucosa, 
we may draw a conclusion about the relative size of the rate coefficients, Fx 
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and k4x. Of the three special cases listed above, only Equation 9 d is consistent 
with the observed decrease in ee upon lowering [CI-],. This would suggest 
that the mobility of the carrier-chloride complex is distinctly greater than the 
mobility of the free carrier. Under these circumstances, the back diffusion of 
free X becomes rate-limiting for the net transport of Cl-. It has already been 
found by Hogben that the nutrient to secretory flux of Cl across the mucosa 
is considerably greater than the net transport of Cl-, and also greater than 
would be expected from the mucosal conductance. Both observations are in 
good agreement with the conclusions drawn from the model. 
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Fic. 8. A simplified model of the chloride transport system in the gastric mucosa. 
X denotes the active form, Y the inactive form of the carrier. 


It should be kept in mind that Equation 9 6 represents an extreme case in 
which, for simplicity, the difference between ky and k,x is greatly exaggerated. 
This equation has been useful to clarify the basic relationship between the 
fluxes and the hypothesized rate coefficients. However, essential features occur- 
ring in the mucosa and assumed for the model, such as the net transport of 
Cl, are omitted in Equation 9 6. Equation 8, on the other hand, holds for 
active transport as well as exchange diffusion. To make this point clear, we 
consider an explicit mechanism for active transport in Fig. 8. Assume the ac- 
tive form of the carrier, X, is inactivated on one side, say 2, by an exergonic 
reaction changing X to Y, where Y has very little affinity for Cl-. The chem- 
ical energy liberated by this reaction, partly expended in work of concentration, 
has to be supplied by metabolism in order to reform active carrier X for avail- 
ability at side 1. 

In Equation 8, different affinities, K, and K2, between A and X are assumed 
at sides 1 and 2. The lowered affinity of X and A at side 2 is formally equivalent 
to the affinity between A and the changed form of X at side 2, namely, Y. 
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Under these conditions, Equation 8 applies to the active transport system 
depicted in Fig. 8. The rate coefficient kx, in this case, primarily refers to the 
mobility of the inactive form of carrier Y, rather than the active form X. A 
calculation based on this model shows that the net transport of A from side 
1 to 2 is proportional to the factor (K; — Kz) in the special case in which 
[A]; - [A Je. 

Some of the simplifying assumptions made in setting up the above model 
for Cl transport may now be examined. For example, the gastric mucosa 
differs from the model in having an appreciable electrical potential difference 
which may affect the movement of an electrically changed carrier or complex. 
A simple mathematical treatment in this case is not possible. The effect of the 
gastric potential difference can, however, be minimized by short-circuiting 
the mucosa. Since it was found that the effect of lowered [CI], on the Cr 
fluxes is essentially the same with and without short-circuiting, the presence 
of gastric potential difference does not preclude the application of the above 
equations. In addition, the assumption that the transported solute A pene- 
trates the membrane exclusively in combination with the carrier X is not 
completely true for the gastric mucosa. There is evidence that the mucosa is 
to some extent permeable to free Cl- ions. This permeability, however, must 
be small compared to the total Cl- transport across the mucosa, as follows from 
conductance and flux measurements with and without complete inhibition. 
It is concluded that the results of the theory, though derived under simplifying 


assumptions, do at least approximately apply to the gastric mucosa. 


DISCUSSION 
Effect of Low Secretory NaCl Concentration on Fluxes.— 


The experiments show that the Cl flux from nutrient to secretory solution 
(@¢) ) drops considerably if the secretory NaCl concentration (trans-concen- 
tration) is lowered. According to the above theoretical considerations, this 
phenomenon excludes free diffusion as the main contribution to Cl- trans- 
port, provided the appropriate driving force and membrane permeability re- 
main essentially constant. Although the gastric potential difference frequently 
rose upon lowering [NaCl],, this effect is far too small to account for the 
drastic reduction in ®° . Moreover, this reduction occurs under experimental 
conditions in which osmotic and electrical potential gradients are absent. 
Hence, electrostatic or hydrodynamic forces do not account for the flux reduc- 
tion. Nor does a change in permeability of the membrane seem to account for 
the effect. It is difficult to conceive that a permeability change of the observed 
extent should be confined to a single ion species. The finding that @); was 
essentially independent of [NaCl]., is therefore evidence against such a per- 
meability change. 

It is concluded that the reduction of 6°) upon lowering [NaCl], cannot be 
adequately explained on the basis of free diffusion. Rather, the behavior of 
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the flux is consistent with the hypothesis that Cl- penetrates the critical phase 
of the mucosa in combination with a mobile constituent of this phase, or carrier. 
The sizable extent of the flux change is consistent with Equations 8 and 9 b. 

These equations are based on the assumption that the rate of movement of 
carrier complex across the critical phase (with permeability coefficient k,x) 
is rapid compared to the rate at which active carrier is made available at the 
nutrient interface (proportional to ky). With this additional assumption, the 
model accounts satisfactorily for the non-conducting component of the Cl- 
movement found experimentally. In this model, Cl- fluxes depend on the rate 
at which carrier complex may diffuse back and forth between the two interfaces, 
where the complex is assumed to exchange Cl instantaneously with the adja- 
cent solutions. On the other hand, the conduction of current requires the net 
transport of charge in the appropriate direction. For the assumed carrier 
mechanism, the movement of each Cl- entails the transport of an equivalent 
of carrier in the opposite direction. Consequently the current contributed by 
this mechanism is limited by the rate of supply of carrier, which is, as assumed 
above, slow compared to the rate of exchange diffusion. 

Although a major fraction of the chloride flux in either direction presumably 
is in the combined state, the experiments do not indicate any saturation of the 
carrier within the Cl- concentrations studied. 


Coupling of Chloride Transport to Metabolism.— 


As pointed out in the theoretical section, no distinction between active and 
passive transport can be based solely on the dependence of a flux on the érans- 
concentration. An essential feature of any active transport process is its re- 
quirement of metabolic energy. Experimental demonstration of a direct linkage 
with metabolism, therefore, would provide strong evidence in support of the 
active nature of the transport. 

Anaerobiosis and various metabolic inhibitors, e.g. 2:4-dinitrophenol, azide, 
cyanide have been shown by Davies (2) to depress both secretion and elec- 
trical potential difference of the gastric mucosa. In anaerobiosis the electrical 
conductivity of the mucosa drops considerably (2, 15). This was also found in 
the present studies during inhibition with DNP, azide, and cyanide. These 
experiments show also that DNP, cyanide, azide, and anaerobiosis depress 
the short-circuit current and reduce chloride fluxes distinctly below the resting 
level. 

While the present findings are consistent with the assumption of a direct 
linkage between Cl transport and metabolism, alternate possibilities should 
also be examined. The assumption that the Cl- transport across the mucosa is 
passive would imply that the inhibition affects the Cl fluxes by changing either 
the electrochemical (and hydrodynamic) potential gradient or the permeability 
of the mucosa, or both. Any change in the electrochemical (or hydrodynamic) 
potential gradient for an ion must alter the two opposing fluxes in different 
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directions. Actually both fluxes were found to be depressed in metabolic in- 
hibition. The other possibility is that metabolic inhibition decreases the per- 
meability of the mucosa in general; e.g., by altering the submicroscopic struc- 
ture of the membrane. As pointed out above, a general permeability change is 
likely to affect other penetrating solutes. However, the magnitude of the Nat 
flux is little affected by metabolic inhibition which is evidence against a genera] 
permeability change. 

For further evidence on this point, the effect of metabolic inhibition on other 
manifestations of the carrier mechanism may be examined. It is implicit in 
the equations derived from the model that the flux change associated with a 
given change of the érans-concentration, grows smaller with a decreased amount 
of active carrier present. Experimentally, it has been found that metabolic 
inhibition reduces the effect of lowered [NaCl], on ®%) . This effect disappears 
completely after death of the mucosa.* Therefore, to the extent that the model 
applies to the real mucosa, it may be concluded that the effect of inhibition is to 
reduce the amount of active carrier, rather than the permeability of the mem- 
brane. The fact that the Cl flux is not completely independent of the érans- 
concentration is taken to indicate that the inhibition is not complete. 

Another characteristic of carrier transport lies in the discrepancy between 
the measured conductance of the mucosa and the sum of the partial conduc- 
tances calculated from the fluxes, under the assumption of free diffusion. With 
metabolic inhibition, this discrepancy tends to disappear (Fig. 6), as would be 
expected if the amount of active carrier is reduced. In a dead mucosa, any 
transport by a metabolically controlled carrier must be absent. Actually, com- 
plete agreement between calculated and measured conductances was obtained 
with the dead mucosa, as shown in Fig. 6. 

A decrease in electrical conductance seems to be generally associated with 
metabolic inhibition. It may be attributed te a decreased contribution of the 
carrier system to the conductance, resulting from a lowered concentration of 
active carrier in the mucosa. 

In the model (Fig. 8), it has been supposed that metabolic energy is utilized 
in the re-formation of active carrier. Theoretically, other possibilities exist; 
for instance, energy may be required for the breaking down of the carrier. In 
this case, metabolic inhibition would cause an accumulation of complex, result- 
ing in an increase of exchange diffusion. However, a decrease of Cl fluxes 
was found experimentally, which seems more consistent with the original 
assumption. 

The Nat fluxes did not unequivocally exhibit any of the phenomena taken 
as characteristic of a carrier mechanism. Active transport, although not ex- 
cluded entirely by the available data, seems to account for hardly more than 
a small fraction of the total Na* flux across the mucosa. 


’ Unpublished observation. 
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ABSTRACT 


The proportion of mutants in a growing culture of organisms will depend upon 
(a) the rate at which the wild cells produce them (with or without growth), (b) the 
back mutation rate, and (c) the growth rates of the wild and mutant cells. If the 
mutation rate without growth and the back mutation rate are neglected, the growth 
of a mutant is expressed by 

2.AWo 


M= Bt — g(i-D)At Mo e®* (3 
B-u—-na" e 1+ Moe 3) 





and the ratio of the mutant to wild by 


M 2rA My el8-G-®) 4} 
—= [B—(-D) a}t — y firsts an 4 
Ww B-a—ma" 1+ a, sad 





in which A = mutation frequency rate constant, “mutation rate,” A = growth rate 
constant of wild cells W, B = growth rate constant of mutant cells M. If the term 
[B — (1 — 2A)A] is positive, the proportion of mutants increases continuously. If 
it is negative, the proportion of mutants reaches a constant value 


=) -— © 
Wia A—-B 
If mutation is assumed to occur without growth at the rate C, then the corre- 
sponding equations are (11), (12), and (14). 
_ CW 
A-B-C 
(B+C—A)t (B+C—A)t 
M . Cle 1] 4 Moe (12) 
W B+C-A Wo 
If (B + C — A) is negative andt = a, 


ae 
W /ea A-B-—C 


CA, +. -,o, 
eq 


119 


M [efa—o)t — @Bt] + MyeB! (11) 
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PROPORTION OF MUTANTS IN BACTERIAL CULTURES 


The Proportion of Mutants in Bacterial Cultures 


The number of mutants present in a culture of bacteria, at any time, is 
determined by the mutation frequency rate (the ratio of mutants per genera- 
tion to total cells per generation), the mutation time rate (rate of mutation 
without growth of the wild cells), the back mutation rate, and the growth 
rates of the wild and mutant cells. 

The following assumptions are made ijn the present derivation:— 

(a) The wild cells and also the mutants grow logarithmically. 

(b) The back mutation rate is negligible. 

(c) The proportion of mutants formed from wild cells without cell division 
is negligible. (If mutants arise without cell division, see p. 126.) 

Wild cells on division give rise to two daughter cells which may be either 
wild cells W or mutants M. Let dn be the number of cells per milliliter culture 
dividing in time d/ to give rise to 2dn new cells. The rate of division and hence 
also the rate of increase in the total number of cells is assumed to be propor- 

dn _ 
’ di ai 
AW, in which A is the growth rate constant of the wild cells.! During the 
increase dn, there is also a loss in W due to the formation of dM, mutants. 
Let \ be the fraction of new cells which are mutants so that 


tional to the number of wild cells per milliliter culture at time #; i.e. 


dM, dM, dn ¥ 
7 o- and Zi = 2.7) = DAW 


dM ‘ , P 
also = = BM, in which B is the growth rate constant of the mutant.? The 
11 
eo generation time = time required to double W, at constant cell concentra- 
tion, as in steady state apparatus. 
At = number of generations in time /. 
? Novick and Szilard (1950, p. 713) write (in the present notation) 


dM, 
— = AW 


- = AW(M KW,rA<1). 


Hence, 
dM, dM 


= — j —. 
IW nstead of dn 


This defines the mutation rate \ as the number of mutants formed per parent wild 
cell (or per increase in total wild cells). 


Novick and Szilard restrict their derivation by the assumption that M « W and 
\ « 1. Under these conditions there is very little difference between Novick and 
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over-all increase in M is, therefore: 
aM 
—— = 2\AW + BM 
dl 
The rate of net increase in the number of wild cells W is 


dn aM, 
— = — — — = AW — 2AAW = (1 — 2A) AW 
dt dt ( , 


w= Woe 4t (1) 


ee = 2AWoe-™4! + BM (2 a) 


The value of the integral of (2 a) depends on the value assigned the various 
constants. 

If mutants are assumed to arise from wild cells at some uniform rate C, 
without any assumption as to the growth rate of the wild cells, then equation 
(2) may be written 

dM 


—= CW+ BM 
= CW + BM, 


in which C replaces 2\A. C is independent of A. (Cf. p. 126.) 





Szilard’s equation and the present one. If A is significant, compared to 1, however, 
dM, 
the form A = iw cannot be used. 

For example, assume there are 10 wild cells which divide to form 20 new cells, 
10 of which are mutants and 10 new wild cells. 

If the mutation rate A is defined as usual (and as in this paper) as the ratio of 
aM, _ 10 
2dn 20 

If is defined as the ratio of new mutants to the change in concentration of wilds, 
dM 10 
a we, since the total number of W’s remains the same. 

= 10 
If it is defined as the ratio of new M’s to parent W’s, A = -* i. 
Similarly if 10 wild cells divide and form 20 mutant cells, the ratio of: 


new mutants to total new cells, \ = 0.5. 


new mutants/total new cells = 1.0. 
new mutants/change in concentration of wild = 20/—10 = —2, 
new mutants/parent wild cells = 20/10 = 2. 


In the case of higher organisms, this difficulty in defining the mutation rate \ does 
not arise, since the increase in the total population is equal to the number of the 
hew generation, instead of 4 the new generation as with unicellular organisms. 





122 PROPORTION OF MUTANTS IN BACTERIAL CULTURES 


This is the same as the equation derived by Deskowitz and Shapiro (1935) 
and Shapiro (1946) with the aid of the same assumptions. 
Similar equations have been derived by Delbriick (1945). The subject has 
been reviewed and extended by Armitage (1952). 
The integral of equation (2a) without any simplifying assumptions is 
(H. B. Fine, Calculus, New York, The Macmillan Co., 1939, 290.) 
2’1AWo 


AM —— = [08 ... gil At t 
se B-a—na" 1+ Mee! 


and the ratio of M to W. 


esis gree 
Ww B— = (1 — 2r)A Wo 
If\ <1, 
W= Woe** 
2\A Wo 
= —— [Bt — t 
ss let — ol] + Me? 


M ai _2A (B—a)t Myc?“ 
tak 7 ke 3+ W 
If A = BandA <1 


M 


Mo 
— = 2A? ——e 4 
= + W (4 ¢) 


Equation (4c) is derived from equation (2 a) by substituting A for B and 
e4* for eI) 4t and then integrating and dividing by Woe4*. 


Proportion of Mutants in a Culture Growing in the Steady State 


A culture growing in the steady state apparatus is automatically kept in 
logarithmic growth and at constant cell concentration (Northrop, 1954). Under 
these conditions (assuming \ < 1), W = Wo (a constant > M), A (the growth 
rate of W) = the washout rate of the growth tube, and B — A is the ap- 
parent growth rate of the mutant in the growth tube. 

Equation (2) therefore becomes 

dM 


"on 2.AW, + (B — A)M 


On integration 


M= 2r.AWo [e(B-at — 1] + Mo (Bat 
B-—A 


M = 2nA [e(B-adt — yy Moe®~4* 
Wo B-A Wo 
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This is the same, since W is now constant, as equation (4a), the ratio of 
> at constant volume. 


If 
B=A 


M Mo 
— = 24t + — 
W T i 


, : M 
The equations for the ratio of — are the same, therefore, for a culture grow- 


W 
ing in constant volume, or at constant cell concentration. This must be so, 
since the conditions differ only in a dilution rate, and the ratio = cannot be 
changed by dilution (provided some M’s are always present (cf. p. 139)). The 
value of M, however, is different, since (if B < A) the actual concentration of 


mutants, as well as the ratio of — , reaches a constant value in the steady state 


Ww’ 
apparatus. 

If B > A, the last wild cell will eventually disappear from the growth tube 
of the steady state apparatus and a pure culture of M would remain. This 
result would never occur at constant volume, no matter how large. The ratio 


= — o with increasing time, but there will always be some W cells in the 


culture. 


Test of equations (1) and (3) for Limiting Values of Mo, B, , and t.— 

Assume My = 0, B = 0; i.e., there are no mutants present at the beginning, and 
those that are formed later do not multiply. 

Test of Equation (1) for Limiting Values of \ and t.— 

(2) \ = Oor A <1. In these cases, very few or no M’s are formed and the equa- 
tion must reduce to the usual logarithmic equation for the growth of a culture: 
W = Wee. 

(6) X = 1, i.e., all the daughter cells are mutants. W must now decrease at the 
same rate as it increased in the preceding example: i.c., W = W'oe~** and when 
t= o, W =Q. 

(c) A = 0.5, i.e., one-half the daughter cells are W’s and one-half are M’s. The 
number of W’s must now remain constant since, when one W is lost by division, 


it is replaced by the W daughter cell. Under this condition, therefore = 0 and 
W = Ws. 

These conditions are fulfilled by equation (1) when X is replaced by 0, 0.5, or 1. 

Test of Equation (3) for Limiting Values of \ and t. (B =0, My = 0). 

(a) \ = 0. In this case, no M’s are formed and the value for M must reduce to 0. 
The equation fulfills this condition. 


(b) A = 1. In this case, all the daughter cells are M’s and since each W produces 
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2 M’s, the final value for M, when ¢ = «, must be 2Wo. This condition is also fyl- 
filled. (Substitute \ = 1, B = 0, My = 0,4 = @ in equation (3)). 

(c) A = 0.5. In this case, one-half the daughter cells are W’s. The value for W, 
therefore, stays Wo (constant) (see corresponding test for equation (1)), but the 
concentration of M will increase by Wo at each new generation, since the M’s do 
not divide but simply accumulate arithmetically in the culture. This condition js 
also fulfilled. M = AWot (Substitute X = 0.5, B = 0 in (2a)). 

(d) X « 1. In this case, equation (3) reduces to 


M = 2dWole** — 1) 


Effect of the Mutation Rate and Growth Rate of Wild and Mutants on the Final 
Proportion of Mutants.— 


The following predictions may be made from equation (4):— 

(a) If the term [B — (1 — 2d)A]- is positive, the mutants will eventually 
overgrow the culture. If B = A, the mutants will also eventually overgrow 
the culture, no matter how small X is. 


(b) If the term [B — (1 — 2A)A]t is negative, the ratio of =4 will approach 


the constant value:— 





M\ _ 2nA 
W eq (1 sane 2r)A — B 


If \ < 1, this reduces to 


M) 
W Je A-B 


The half time required to reach this equilibrium value is 


In 2 
im, = —— (7) 


A—B 
Equation (6) agrees with the one derived by Novick and Szilard (1950), except 
for the factor 2 (cf. footnote 2, p. 120). 


(c) If a is much greater than the equilibrium value of = and A< 1, then 
0 


changes in M and W for a time will be due largely to the growth of M and 
W, so that 
M _ Moe™ MW 


or ¢(4-3)t = —_— 


W Woet# MW, 
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The effects of changes in the values of the various constants of equation 
(4'a), on the ratio of mutants to wild cells, are shown in Fig. 1. Fig. 1 A shows 
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Fic. 1. Values of the ratio of mutants to wild cells, calculated from equation (4 a). 
The values assumed for the various constants are as follows:— 
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that, if A — B is positive, the ratio = approaches a constant value. This 


value increases as A — B decreases, and the time required to reach equilibrium 


also increases. If A < B, the ratio of > increases without limit. The greater 


the difference between A and B, the faster the ratio increases. 
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Fig. 1 B shows that the equilibrium value increases as X increases, but the 
time required to reach equilibrium remains the same. 

If the ratio of 7A Me B is constant (Fig. 1C), the equilibrium value of > 
remains constant, but the time required to reach equilibrium decreases as 
A — B increases. It is not possible to determine X, therefore, from the equilib- 
rium ratio of = alone. The value of A — B must also be known. 

Mutation without Cell Division® — 

Assumptions: The culture contains wild cells which increase at the rate 4 
to form more wild cells, and which also change to mutants at the rate C, with- 
out dividing. The mutant cells increase at the rate B. The reactions, therefore, 
are 


A 
v—— W 


\ 
ON 
\ 


B 
M—— M 


The time rates of the reactions are as follows:— 
Increase in W (due to W — W) = maa = AW 


dt 
Increase in new W’s =" = 2AW 
Decrease in W’s (due to W — M) is = = CW 
Over-all change in W 
dw dW, 4M, 


ss) a4 


and 
W = Woes (9) 


The work of Avery, MacLeod, and McCarty (1944) and Hotchkiss (1953-54) 
has shown that the genetic properties of bacteria, at least, are due to the presence 
of certain definite nucleic acids. There is little doubt that a turnover of nucleic acid 
exists (although it may be very small) (Hevesy, 1948; Hershey, 1953) and that, 
therefore, a changed molecule (a mutant gene) may appear without cell multi- 
plication. 

Examples of such mutations without growth have been reported (Lwoff and Au- 
dureau, 1941; Novick and Szilard, 1951). Englesberg and Stanier (1949), however, 
in a carefully planned study, and Stocker (1949) were unable to detect such mu- 
tations. 
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Test of Equation (9) for Limiting Values of A and C.— 

(a) A = 0. There is no cell division and W must decrease at the rate C. The equa- 
tion predicts this. 

(b) C = 0. No mutants are formed and the equation must reduce to the usual 
logarithmic form: W = Woe4'. This is correct. 

(c) A = C. In this case W’s are lost and gained at the same rate and therefore W 
must remain constant. This is predicted. 


Value of M.— 
Increase in M’s from W — M 


Increase in M’s from M’s 


Over-all change in M 


dM 
7 OW + BM CWoe4-O* + BM 
CW 


M = ——*_ 
A—B-C 


[e4-0# a oP] + Mye* 


Test of Equation (11) for Limiting Values of B, C, and t.— 

(cz) B = 0,C = 0. No M’s are formed and therefore M = Mo. 

(0) B = 0, A = 0. There is no cell division and all W’s will become M’s at the 
rateC and M = W,(1 — e°*) + Mo. 

When? = ©,M = Wy + Mo. 

This is also correct. 

(c) B = 0,C = A. In this case W will remain constant (see test (c) under equa- 


dM 
tion (9)), but M will increase continuously at the rate = CW,orM = 
CWot + Mo. 


The ratio of = is given by equation (11) divided by equation (9) 


M — [e(B+c—a)t une 1] a 


Mye'®t+e-4)t 
W B+C—A Wo 


In the steady state apparatus, W = Wo, constant, and C < A. 


(B—a) 
[(B-at — 4) 4 a 
Wo 
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If B>A, 


M Cc 
If B<A and CA, (*) -<S (140) 


_— , P 
and the ratio of WV reaches a constant value, just as in the case when M’s are 


formed only by cell division. 

Value of \.— 

is defined as the ratio of mutants descended from W’s to total cells de- 
scended from W’s; therefore from equations (9 a) and (10 a) 


dM, Cc 


A = = 





orifC <A, 
C = 2A 


Substitution of this value for C in equation (11) gives 


_ 2A 
B— (i — 2a)A 


This is identical with equation (3) derived on the assumption that mutants 
arise only as a result of cell division. Also, substitution of 2A for C in equa- 
tion (14 a) gives (5) « which is identical with equation (6). 

W/q A-—-B 

If the mutation time rate C is small compared to A (the growth rate of the 
wild cells), therefore, it is not possible to determine whether the mutation 
occurs as a result of cell division or not. 

If C is large compared to A, however, the predictions based on the 2 as- 
sumptions are very different. If the mutants appear only as a result of cell 
division, the proportion of mutant cells to wild cells, at each generation, will 
be the same, no matter at what rate the cells divide. This is expressed by the 





M [eBt a e(l-2) at} + Moe™. 


equation for \ under these conditions, i.e.’ = mel (p. 120), which does not 
n 


contain the growth rate. 

If mutants appear as a result of changes in the wild cells which occur with- 
out cell division, then the more slowly the cells divide, the larger the propor- 
tion of mutants to wild cells. 

If the cells do not divide at all, then the “mutation rate” \ will be 1. This 
follows from the equation for the mutation rate under these conditions 


Cle sal 
C+ 2A 


A— 1 as AO. 


a 


set me eS 


Tm th he ee tS Oot Oot 
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The best way to test for the mechanism of mutation, therefore, is to deter- 
mine the value of \ at different growth rates. If X stays the same, the mutants 
arise as a result of cell division. If \ increases as the growth rate decreases, 
the mutants probably arise as the result of a change in the cell which occurs 
without cell division (Novick and Szilard, 1950). 
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ABSTRACT 


The number of terramycin-resistant mutants in Bacillus megatherium cultures» 
their mutation rate, and the growth rate of the wild and mutant cells have been de~ 
termined under various conditions. These values are in agreement with the follow- 
ing equations (Northrop and Kunitz, 1957) :— 


a DE et — oA + Moe (3.0) 


2A Mye®-4t 


Pr — 94 — (4 a) 


w 
W B—A We 


(=) = © 
W/a A-—B 


(8) 


A = mutation rate, A = growth rate constant of wild cells, 


M a 
B = growth rate constant of mutants, { — = ratio — at 
W jea WwW 


equilibrium. The value of the mutation rate as determined from equation (6) agrees 
with that found by the null fraction method. 


INTRODUCTION 


In a previous paper (Northrop, 1957), it was shown that the terramycin- 
resistant cells present in cultures of megatherium 899a were mutants of the 
wild cells and did not appear as a result of adaptation. 

In the present paper the proportion of these mutants has been determined 
under a variety of conditions, and found to agree quite well with the equa- 
tions derived in the preceding paper (Northrop and Kunitz, 1957) to express 
the growth of mutants in bacterial cultures under varying conditions. 

Experimental Test of Equations (3 a), (4 a), (6), and (8). 

131 
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Equations (3 a) and (4 a) contain three constants (A, B, and X) and agree. 
ment between observed and calculated values would mean little were it not 
for the fact that the constants may be determined from independent exper- 
ments (cf. Experimental Procedure). The mutation frequency rate constant, 
» (“mutation rate”), may be determined by equation (6) and also by 
Lederberg’s (1951) null fraction method. A is the observed growth rate con- 
stant of the culture. B is the growth rate constant of the mutant. A — B 


TABLE I 
Values of Mutation Rate and Growth Constants as Determined by Different Methods 
| 


| 





B 





Method of | Null 
determination........| fraction 








Ter- 
ra- 
mycin 
+/mil. 
0 (0.5 to 4) (2 to 30) X 1077* | 2 hr.) 0.2 + 0.05/0.18 + 0.6 

X 10-8 tubes tubes 

(2 + 0.2) X 107 | 2.3 steady 
in steady state 

apparatus 
2X 107 s ‘ 0.2 
>10 ° ° —0.1 
>10 . m —0.5 
>10 | . ° —0.6 
>10 | ° —1.5 
899a | ASCM <1 X10% 3X 10° (1 to 10) K 10-*f x 0.2 
SP | YEP | (to 1S) | 3 xX 10-8 xe | ‘ 0.1 
X 10-* 
* Ratios of (10 to 30) X 1077 were obtained at times for several days. The ratio then returned to the usual figure of 

about 2 X 1077. 


t The results in ASCM are somewhat irregular, but the equilibrium ratio is always lower than that in YEP. 
































may be determined from equation (6) or (8), or by direct measurement of 
A and B. 

Wo and Mo, the number of wild and mutant cells present initially, 
are known by direct determination. 

The agreement between values of (A — B) and of \, determined in different 
ways, is probably the best test of the assumptions used to derive the equa- 
tions. 

The results of a series of experiments in which (A — B) and X were deter- 
mined in various ways for several B. megatherium strains is shown in Table 
I. Considering the fact that these values were obtained by different methods 
from separate experiments done at different times, they may be considered 
in satisfactory agreement. 
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The results show that changes in the equilibrium value of the proportion 
of mutants in the various strains or in the same strain in various culture 
media may be due to changes in the mutation rate or the growth rate of either 
the wild or mutant cells. B. megatherium growing in YEP has an average 
equilibrium value for terramycin-resistant colonies per cell (M/W) of 
2 X 10-7. The addition of varying concentrations of terramycin causes a 
gradual decrease in the growth rate of the sensitive cells, but has little effect 
on the growth rate of the resistant cells. As soon as the growth rate of the 
sensitive cells is reduced to that of the mutant cells, the latter tend to over- 
grow the culture. The values of (A — B) calculated from the change in the 
ratio of M/W (Equation 8) agree quite well with the observed difference in 
the growth rates. 

The SP strain in YEP has a much higher equilibrium value for the ratio 
of M/W than does 899a. This is due to a higher mutation rate and a smaller 
difference between A and B than is the case with 899a. 


Calculations of the Mutants Present at Various Times 


Equations (3 a) and (4 a) may be tested by determining the number of 
mutants present in varying time intervals during the growth of the culture 
and comparing this with the calculated value. 

In using these equations, it must be remembered that they are valid only 


for large numbers of cells and that no prediction can be made for the time 
of appearance of a single mutant cell. For this reason it is not possible to use 
the equations until several M’s, at least, are present in the sample; after this, 
the equation should hold. The number of M’s present at the beginning, how- 
ever, cannot be predicted for a single culture, since this is a question of prob- 
ability. In the present case, for instance, a sample containing 5 X 10* cells 
may contain one mutant cell (although the chances are 100/1 against it). If 
it does contain such a cell, the ratio M/W is 2 X 10-, or one hundred times 
the equilibrium ratio. In this case the ratio M/W will decrease with time. 
The other extreme would be a culture in which no M’s appeared until after 
the total cell concentration reached 1 X 10%. 

Fig. 1 represents the results of an experiment in which 899a¢ was grown in 
YEP at 32°. In this experiment it happened that an average of 1 terramycin- 
resistant colony/ml. was present at the time the first sample was taken. 

The results of several experiments in which a culture of 899a in YEP was 
kept in logarithmic growth by repeated dilution are shown in Figs. 2 to 5. 
The number of M’s (terramycin-resistant colonies) present at the time the 
culture contained 1 X 10° cells/ml. (1 X 10° total) varies, as is to be expected, 
but the change in the ratio M/W after this is in fairly good agreement 
with equation (4 a). The values of (A — B) and of X are the same, or nearly 
so, as the values determined by independent measurements (cf. Table I). 

An experiment in which 899a was grown in the steady state apparatus at 
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a concentration of 2 X 10° cells with a constant flow of YEP at a washout 
rate (Northrop, 1954) of 0.5 hr.’ is shown in Fig. 6. Under these conditions 
the equilibrium ratio of M/W increases to 150 X 10-*. This is the result of 





| 











Hours 


Fic. 1. Wild cells and mutant (terramycin-resistant) colonies/milliliter in a cul- 
ture of 899a in logarithmic growth in YEP at 32°. Suspension of 899 a growing at a 
rate of 2/hour diluted to 1 x 10° B/ml. in YEP. 

10 ml. in 10 tubes. Shaken at 32°. 

Sample: 0.5 ml. from each tube mixed and 1 ml. plated on YEP agar for total 
colonies and 4 X 1 ml. plated on 3 y terramycin/ml. agar. 

The value of W is calculated from W = Woe**. M is calculated from equation (3a). 

A = 2.55 X 10%, A = 1.95, B = 1.75,Wo = 1 X 10. 


an increase in — from 10 to 25. Equilibrium is reached much more slowly 


owing to the decrease of A — B from 0.2 to 0.02. 
The results in general show that the proportion of terramycin-resistant mu- 


1 Under these conditions the growth rate automatically adjusts itself to the wash- 
out rate (cf. Novick and Szilard, 1951). This can occur only if the washout rate is 
less than the maximum growth rate in the culture medium. If the washout rate is 
greater than the maximum growth rate, then the cells will be washed out of the 
growth tube. 
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Fig. 2 


_— 























4 


Fics. 2 to 5. Ratio of M/W in 899 a growing in YEP at 35° 


Logarithmic growth 899 a diluted to 1 XK 10° B/ml. 10 ml. in test tube. Shaken 
at 35° until B/ml. = 1 X 108. 6 X 1 ml. plated on 3 y terramycin/ml. agar. 3 ml. 
added to 7 ml. YEP and shaken at 35°. Dilution 3/10 repeated every 0.6 hour and 
plated for terramycin resistant colonies as noted. W determined by turbidity. The 
size of the circles represents approximately the average deviation of the mean of the 
colony counts. M/W calculated by equation (4 a). Fig. 5 shows results of 2 experiments. 


Fig. No. | A B Mo/Wo 








7 X 10% 1 | 1X 10-8 
25 X 10° ' | 30x 10° 
7 xX 10° ; 1. | 2x 10% 
0x 1 


10-* | 4X 10-* 








0 
1 
0 
1 


| : 
tants in a growing population of B. megatherium soon becomes constant and 
is expressed by the equation 





(6) 
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The mutants, therefore, grow more slowly than the wild type. This must be 
the condition in bacterial cultures in general, since if B = A, every new mv- 
tant would overgrow the culture and the population of a culture would vary 
in succeeding cycles. Bacterial cultures, however, are extremely stable when 
grown under the same conditions, as, for instance, pathogens in their hosts, 
If growth conditions are changed, however, some mutant present in the cul- 
ture may grow as well as or better than the parent strain and this mutant 
will then overgrow the culture. In the present case this is what happens when 
terramycin is added to the culture. 











! i 
100 200 300 
Hours 

Fic. 6. Terramycin-resistant mutants per milliliter in culture of 899 a growing in 
the steady state apparatus at a constant rate of 0.5 hour™, and constant cell concen- 
tration of (2 X 10°) /ml. 





A =0.5, W 2x10,A = 3x 10*,A —B 0.02, ~ © as 
~) 0 ’ ’ . "Wo 2X108'W, 


culated by equation (4 a). 


This is the result shown in Fig. 7. In this experiment various concentra- 
tions of terramycin were added to a series of suspensions of 899a in YEP. 
The cultures were kept in continuous logarithmic growth by repeated dilution 
and the number of terramycin-resistant colonies determined at intervals. The 
increase in the ratio of terramycin-resistant colonies/W agrees quite well 
with the values calculated by equation (4 a). The values of A — B used in 
the calculation of the curves also agree quite well with those obtained by 
direct measurement of A and B. 


Experimental Procedure 


Preparation of culture media, colony counts, etc., were carried out as described 
in a previous paper (Northrop, 1957). The SP strain was isolated from a culture 
adapted to ammonium sulfate (Northrop and Murphy, 1956). 

Since, with this organism, the chain count = the colony count, and the chains 
have an average of 3 cells, cells/ml. = 3 X colonies/ml. (Northrop, 1953). 

In the case of resistant colonies, this calculation cannot be used, since presumably 
only one cell in the chain need be resistant to give rise to a resistant colony. For 
this reason the ratio M/W is expressed as colonies/cell. 
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cOlNter Calc.ter-0 or 018 
iY 


0 ter. 











Remtee J 

2 4 6 
Hours 

Fic. 7. Ratio of M/W for 899 a in YEP + terramycin at 35° 


899 a in 10 ml. YEP + terramycin noted. Grown up to (100 x 10*)B/ml. at 35°. 
Plated for terramycin-resistant colonies. Diluted to (5 x 10°)B/ml. Grown up and 
plated as above. Repeated. W by turbidity. A from these figures. B determined 
from growth rate of terramycin-resistant strain obtained from overgrowth in 1.0 y 
terramycin/ml. The ratio Mo/Wp is higher than usual in this series of experiments. 
M/W calculated by equation (4 a). 





Terramycin — 
concentration, 
WEEN avon 





d 
M./Wo 
A 
B 
A-B by dif- 
ference 
A-B used to 
calculate 
curves 


























The fact that this organism grows in chains introduces a source of error in colony 
counts of suspensions containing very few chains/milliliter. One plate from a series 
of replicates of such dilute suspensions occasionally has 10 or more colonies while 
all other plates have 1 or 2. This is far outside the sampling or plating error and is 
probably due to the fact that a chain in this abnormal sample has broken up while 
the sample was being mixed with the agar and spread on the plate. 





138 TERRAMYCIN-RESISTANT MUTANTS 


Determination of from Equation (6).— 

This is the most accurate method of determining the mutation rate. 

A, the growth rate constant of the culture as a whole, is determined from A = 
Pas 
r In W, by turbidity measurements. B may be determined in the same way, if a 

0 

pure culture of mutants is available. 

If A — B is small compared to A, then it must be determined by equation (8), 
The equilibrium ratio M/W is determined as described below. 


Determination of A — B from Equation (8).— 

The determination is carried out as follows: A mixture of M and W is prepared 
so that M/W is 10 times or more the equilibrium value. The culture is shaken at 35° 
until logarithmic growth is established and the total cell concentration is about 
5 X 10’/ml. 1 ml. of the suspension is plated for mutants on 3 y terramycin agar. 
An aliquot of the suspension is diluted 1 X 10~* and shaken at 35° until the cell con- 
centration is again about 5 X 10’. It is again plated for mutants and diluted as be- 
fore. If A — B is very small, the cycle may be repeated until a change in ratio occurs. 

If the experiment is carried out in the steady state apparatus, W is kept constant 
automatically and it is only necessary to determine M at various time intervals. 

This is the most accurate method of determining A — B. However, it includes 
the assumption that A and B are independent of the ratio of M/W. This is true in 
the case of the terramycin-resistant mutants in 899 a, but may not be true in general. 

ee i _ (M ) 2A 

Determination of Equilibrium Ratio (F a 

In order to determine this equilibrium ratio, the culture must be kept in logarith- 
mic growth until no further change in ratio occurs. If A — B is small, this may re- 
quire many hours and the culture may stop growing before the final ratio is reached. 
The best method is to maintain the logarithmic growth by some automatic device. 
The culture can be maintained in logarithmic growth by repeated dilution also, but 
it is necessary for the present purpose to use an inoculum large enough to insure the 
inclusion of several mutant cells. If no mutant cells are included, then the cycle 
will start again from the beginning at each transfer and the equilibrium ratio may 
never be attained. In the case of 899, for instance, there is usually one mutant 
to about 5 X 10° wild cells. In order to be sure that some mutant cells are carried 
along, therefore, at least 5 X 10’ cells should be transferred to the new culture. 


Determination of M/W at Various Times.— 

In order to carry out these experiments it is necessary to start with a suspension 
of pure wild, or at any rate, one which differs in the ratio of M/W from the equi- 
librium value. Otherwise all determinations will simply result in the equilibrium ratio 
of M/W. Such a suspension may be obtained by dilution of a suspension in the equi- 


M 
librium state. In the case of 899 a in YEP, for instance, the equilibrium ratio Ww 


5 x 108 If a sample of such a suspension containing 1 X 10 cells is taken, the 
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chances are 1/500 that the sample will contain a mutant cell. (Mathematically the 
number of mutants in the sample is 0.002 and the ratio M/W is exactly the same as 
in the original suspension. Since M is a cell, however, any value less than 1 must be 
taken as 0.) If such a sample of wild cells is allowed to grow up, M’s will appear and 
can be determined. If a single culture is followed, it is impossible to obtain more than 
a few determinations (with 899 a), since the number of M’s is too small to deter- 
mine until the total cell concentration reaches at least 1 xX 10°, and logarithmic 
growth does not continue much beyond this concentration. The range may be ex- 
tended, however, by diluting the sample repeatedly as soon as it reaches a con- 
centration of about 1 X 10® cells/ml. By this means, the culture may be continued 
in logarithmic growth indefinitely. The method has the further advantage in that it 
furnishes samples for analysis, without increasing the volume of the original sus- 
pension. 

In carrying out this type of experiment it is not possible to start with a large 
volume of suspension, since the equilibrium ratio M/W will be reached before there 
are enough M’s present to determine. This difficulty cannot be avoided by increasing 
the initial number of W cells, since if this is done, the chance of including an M is 
A-B 
ference in the growth rates the longer time is required before the constant ratio is 
arrived at. 


increased. The half-time to reach equilibrium is so that the smaller the dif- 


Determination of by the Null Fraction Method?.— 

It is evident from the definition of \ that the value of M used must represent only 
those M’s which have been derived from W’s and not M’s which are descendants 
of other M’s. The former M’s may be determined by adding terramycin to a series 
of replicate tubes which have been inoculated with a few wild cells, and then al- 
lowed to grow up. 

The fraction of these tubes which fail to grow corrected by Poisson’s ratio gives 
the average number of mutants which have appeared per sample during the time in- 
terval before the terramycin was added. This number divided by the total number of 
cells produced per sample during the same time interval is the average number of 
M’s produced per cell. This is the mutation frequency rate constant, A, by definition. 

An example of an experiment carried out in this way is shown in Table II. 

The number of M’s per sample determined in this way is not the average number 
of M’s in the sample at the time the terramycin was added, since the latter figure 
will include those M’s which grew from the original ones. 

This result may be seen from the experiment summarized in Table III. 

In this experiment 1 ml. of a dilute suspension of B. megatherium was placed in 
a series of tubes and allowed to grow up. Terramycin was added to part of the series 
at the beginning, and to part after the cell concentration had reached 1 X 10’. The 
number of tubes which continued to grow after the addition of the terramycin was 


*This method is the same in principle as that described by Demerec (1946) for 
use with solid media. 
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determined. No tubes grew up when the terramycin was added at the beginning of 
the experiment. 


TABLE II 
Mutation Rate by Null Fraction Method at Various Times and B. Concentrations 


899a in logarithmic growth diluted to (1 X 10*)B/ml. 1 ml. in 60 tubes. Shaken at 35°, 
5 ml. YEP + 47 terramycin/ml. added to 15 tubes as noted, and number of tubes which 
grow up in 20 hours noted. Total B/milliliter by turbidity on combined sample. 





| 
B/ml. 8 X 106 3X 107 





total 45 15 
* negative tubes = — | 13 10 
total 


° ieee ae ae 
t 
- me 1.7 X 10-8 1.4 X 10 
B/ml. 


Ratio 














TABLE III 
Determination of the Mutation Rate of Terramycin-Resistant Mutants by the Null Fraction 
Method 


899a in logarithmic growth in YEP diluted to (1 X 10*)B/ml. 1 ml. in 70 test tubes. 5 x 
1 ml. plated for terramycin-resistant colonies. 





Ratio Mutants 

total/ |per sample 
negative | by Pois- 

tubes |son’s ratio 


Tubes 1 to 20—5 ml. (YEP + 47 terramycin/ml.) added. 
Shaken 20 hours at 35° 

Tubes 21 to 70 grown up at 35° to (1 X 10°)B/ml. 5 ml. 
(YEP + 47 terramycin/ml.) added to tubes 21 to 40, and 
the tubes shaken 20 hours at 35° 

Tubes 41 to 70 mixed. 5 X 1 ml. plated for terramycin- 
resistant colonies. 1 ml. put in 20 tubes, 5 ml. (YEP + 
4+ terramycin/ml.) added and the tubes shaken 20 hours 








20/4 1.6 











After the cells had grown up to (1 X 10”)/ml., 3 tubes out of 20 grew up after the 
terramycin was added. At least 1 terramycin-resistant mutant must have appeared 
in each of these tubes, in the time interval before the terramycin was added. 

In the same time 20 x 10’ cells had appeared in the whole series of 20 tubes and 
the ratio of mutants to total cells, therefore, is 3/(20 X 10°). (Poisson’s ratio (2.3 log 
total/negative) gives a more accurate value for the average number of mutants per 
tube, and must be used if the ratio of positive to total tubes is more than 4 
few tenths.) 





JOHN H. NORTHROP 141 


After the samples have been mixed, and then redistributed, 16 out of 20 tubes 


grew up, corresponding to an average of 1.6 terramycin-resistant mutants per sample 
or 16/10°B. 
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ABSTRACT 


Studies have been carried out on the movement of salt and water across the small 
intestine of the rat. Segments of the ileum of anesthetized rats have been perfused 
in vivo with unbuffered NaCl solutions or isotonic solutions of NaCl and mannitol. 
Kinetic analysis of movements of Na™ and Cl** has permitted determination of the 
efflux and influx of Na and Cl. Net water absorption has been measured using he- 
moglobin as a reference substance. 

Water was found to move freely in response to gradients of osmotic pressure. Net 
water flux from isotonic solutions with varying NaCl concentration was directly 
dependent on net solute flux. The amount of water absorbed was equivalent to the 
amount required to maintain the absorbed solute at isotonic concentration. These 
results have been interpreted as indicating that water movement is a passive process 
depending on gradients of water activity and on the rate of absorption of solute. 

The effluxes of Na and Cl are linear functions of concentration in the lumen, but 
both ions are actively transported by the ileum according to the criterion of Ussing 
(Acta Physiol. Scand., 1949, 19, 43). The electrical potential difference between the 
lumen and plasma has been interpreted as a diffusion potential slightly modified by 
the excess of active Cl flux over active Na flux. 

The physical properties of the epithelial membrane indicate that it is equivalent 
toa membrane having negatively charged uniform right circular pores of 36 A radius 
occupying 0.001 per cent of the surface area. 





It has long been recognized that the intestinal epithelium is permeable in 
both directions to dissolved substances and to water. Goldschmidt and Dayton 
(1) showed that NaCl entered the colon of dogs from the blood, and a number of 
investigators have observed that water moves relatively freely, since it is 
absorbed rapidly from hypotonic solutions placed in the intestine but enters 
hypertonic solutions. Visscher e¢ al. (2, 3) using radioactive Na and Cl and D,O 
as tracers confirmed and extended these earlier results. More recently, absorp- 
tion of NaCl and water has been studied by Bucher, Anderson, and Robinson 
4), D’Agostino, Leadbetter, and Schwartz (5), Budolfsen (6), Goldman ef al. 
(7), and Wilson (8). 


*This work was supported in part by the Atomic Energy Commission. 
t Public Health Service Research Fellow of the National Heart Institute. 
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The present experiments were undertaken in an effort to clarify the separate 
roles played by active processes and passive phenomena in intestinal absorp- 
tion. Studies have been carried out on the mechanisms of Na and Cl absorption, 
particularly as related to net water absorption. Segments of the ileum of anes- 
thetized rats were perfused in vivo with solutions of varying concentrations of 
NaCl to which Na™ and Cl** had been added. Measurements were made of the 
efflux, influx, and net flux of Na and Cl and the net flux of water. 


Experimenial Methods 

Male albino rats weighing 250 to 450 gm. were fasted overnight and then anes- 
thetized with nembutal (7 mg. per 100 gm.). Additional anesthetic was injected as 
needed during the course of the experiment. The trachea was exposed and cannu- 
lated in order to prevent the development of respiratory difficulty. The abdomen 
was opened with a midline incision, and the distal 15 to 20 cm. of the ileum exposed. A 
segment no more than 5 cm. from the ileocecal valve and about 10 cm. in length was 
cannulated at both ends with small glass tubes. The segment was then thoroughly 
washed with isotonic NaCl warmed to 37°C. 

During the perfusion, the intestine was kept outside of the body in order to avoid 
kinking and impedance of flow; it was covered at all times with paper tissues kept 
moist with saline. The whole animal was placed in a specially constructed constant 
temperature box to maintain the segment at body temperature. The box was equipped 
with a thermostat and a relay operating a 60 watt electric lamp which served as the 
heating unit. The temperature within the box was maintained at 37° + 0.2°C. ex- 
cept for short periods during the changing of perfusing solutions when it occasionally 
dropped as low as 34°C. At the conclusion of the experiment, which usually lasted 2 
hours, the appearance of the intestine and of the blood flow to the perfused segment 
was generally good. 

Two types of perfusion technique were used. In the majority of experiments there 
was a constant slow flow of perfusing solution from a small condenser, which served 
as a reservoir, outside the temperature control box. Water from a constant tem- 
perature bath was pumped through the jacket of the condenser to warm the perfusion 
fluid. Measurements showed that with the water bath at 38.5°C., the temperature of 
the perfusate entering the proximal cannula was 37° + 0.5°C. The perfusate passed 
from the condenser through a length of 26 gauge stainless steel tubing into the proxi- 
mal cannula. The tubing, because of its small radius, offered a high resistance to flow. 
Consequently, the fluid flowed through the intestine slowly (0.1 to 0.4 ml. per minute) 
with little distention pressure. 1 to 2 ml. samples of the effluent solution were col- 
lected for analysis. 

In the second type of experiment, a peristaltic action pump (American Instrument 
Company) capable of flow rates as low as 0.2 ml. per minute circulated solution 
from a reservoir through the lumen and back to the reservoir. Samples were periodi- 
cally removed from the reservoir for analysis. In these experiments, temperature was 
not controlled. 

The perfusing solution was usually an unbuffered NaCl solution at a concentration’ 


! The symbol, ma, is used to represent quantity of a substance in millimols. 


a a i i a i 
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of 150 ma/liter or a solution of NaCl and mannitol with a total osmolar concentration 
of 300 m.osM/liter, though in some cases hypertonic or hypotonic NaCl solutions were 
used. Human hemoglobin was used as an indicator of water movements; a small 
amount was added to bring the hemoglobin concentration to approximately 3 x 10~* 
u/liter. Trace amounts of Na™ Cl and in some cases NaCl* were added to the perfu- 
sate (isotopes obtained from Atomic Energy Commission). A typical experiment 
consisted of four 30 minute periods, during each of which a different perfusing solu- 
tion was used. Five samples of effluent solutions were collected during each period. 
The first sample was usually discarded and the rest were each analyzed for the con- 
centration of Na, Na™, Cl, Cl**, and hemoglobin. Similar analyses were carried out on 
the original solutions. Flow rate was measured for each collected effluent sample. 

In order to show that hemoglobin is acceptable as an indicator of net volume 
changes, it is necessary to prove that hemoglobin is neither released nor absorbed by 
the intestine under present experimental conditions. The hemoglobin concentration 
of the samples was determined, after appropriate dilution, from the optical density 
measured at a wave length of 416 my on a Beckman model B spectrophotometer 
(accuracy -+1.2 per cent).2 To show that no hemoglobin was released from the in- 
testinal segment, the intestine was perfused with isotonic NaCl containing no hemo- 
globin. Optical density measurements at 416 my were identical before and after per- 
fusion (0.D. before 0.000; o.p. after 0.002). To show that no hemoglobin was absorbed 
by the intestine, five experiments were carried out in which the segment was per- 
fused with isotonic NaCl containing hemoglobin. Recovery of the total initial amount 
of hemoglobin was checked by comparison of the optical density of the collected per- 
fusate with the optical density of a solution containing an amount of hemoglobin 
equal to the amount present in the solution before perfusion (average recovery 99.7 
per cent). Studies were also carried out to check that NaCl and mannitol were with- 
out effect on the optical density of hemoglobin, and that the state of oxygenation of 
the hemoglobin did not change with passage through the intestine. These control 
experiments confirmed the validity of the use of hemoglobin as an indicator for water 
movements. 

In recirculation experiments when small volumes (0.1 ml.) were obtained for analy- 
sis, optical density was measured at a wave length of 419 my on the microcolorimeter 
designed by Solomon and Caton (9). Control experiments indicated that the results 
of these determinations were identical with those obtained with the Beckman instru- 
ment at 416 muy. 

Na concentration was measured to an accuracy of +1.5 per cent on the modified 
flame photometer described by Solomon and Caton (10). The gamma rays from Na™ 
were measured in solution in a well type scintillation counter which is free from dead 
time and self-absorption corrections. All counts were made to a probable error of less 
than 1 per cent. The total volume collected was determined from measurement of 
the total radioactivity of the collected solution, as compared with the radioactivity 


in a measured aliquot of this solution. This method yielded results accurate to +1.5 
per cent. 


* Accuracy is given as the standard deviation of 10 replicates unless otherwise 
stated. 
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Cl concentration was determined by a modification of the method of Schales and 
Schales (11). HNO;-Na citrate buffer (pH 1.5) was added to the test solution and 
titration carried out with 0.025 n Hg(NOs)2 using diphenyl carbazone as an indj- 
cator. The accuracy was +1.0 per cent. Cl** was measured to an accuracy of +18 
per cent in a Robinson windowless proportional flow counter (12) using the method of 
Hunter and Commerford (13) for preparing samples. Corrections were made for self- 
absorption. Mannitol was determined by measuring the formic acid produced by perio- 
date oxidation according to the method of MacFadyen (14) (accuracy +1.9 per cent), 
The oxidation was carried out by the method of Karnovsky and Brumm (15). In some 
cases, measurements of total solute concentration were made by determining freezing 
point depression using the American Instrument Company-Bowman apparatus, 

Measurements of the electrical potential difference between the solution in the 
lumen and the surface of the perfused segment were made with a pair of calomel elec- 
trodes using a Keithley model 200 B direct current electrometer. A length of thin 
polyethylene tubing filled with 1 m/liter KCl-4 per cent agar served as a bridge; one 
end was sealed into the distal cannula and the other end was placed in a beaker of 1 
m/liter KCl containing a calomel electrode. A similar agar bridge was placed on the 
surface of the intestine and connected in the same manner to the other calomel elec- 
trode. Occasionally, the second bridge was placed in the peritoneal cavity but not in 
contact with the perfused segment. This procedure did not affect the potential meas- 
urement significantly. 


Mathematical Treatment of Data 
Net Water Flux.— 


The net efflux of water from the lumen can be calculated directly from changes 
in the optical density of the hemoglobin solutions. 


(po — %)60  60r» 
st st 


= [(D/D.) — 1] (1) 
in which ®} = net efflux of water (ml./hr. cm.), ¢ = time of collection (minutes), 
s = length of intestine perfused (cm.), », = volume collected (ml.), D = optical 
density, and the subscript o denotes initial conditions. A negative net flux 
indicates entrance of water into the lumen. 


Influx and Efflux of Na and Cl.— 


The treatment will be carried out for the case of Na; identical equations 
apply to Cl fluxes. It has been assumed that Na™ is handled by the intestine 
in the same manner as Na”, and that the Na* movement can be described by 
simple two compartment kinetics. The fluid in the lumen has been considered 
as one compartment and the plasma as the other. The validity of the two 
compartment analysis will be discussed in a subsequent section. 

An isolated segment of intestine with fluid moving through it at a constant 
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rite has been taken as the model for mathematical treatment. The following 
symbols will be used in addition to those already defined. 


(Na]p = concentration of Na in the lumen. 
(Na)» = total amount of Na in the lumen. 
[Na], = concentration of Na in the plasma. 
total amount of Na™ in the lumen (c.p.m.). 
concentration of Na™ in the lumen (c.p.m./ml.). 
specific activity of Na™ in the lumen (c.p.m./mmM). 
= specific activity of Na™ in plasma. 
= Na efflux (mm/min.); the subscript 7 is used for influx, e for efflux, and n 
for net efflux. 
= rate constant for Na efflux (ml./min.) 
= rate constant for Na influx (ml./min.) 


In a simple two compartment system, Equation 2 describes the change in 
amount of Na™ in the lumen. 


dP/dt = —@N*} + oh %y (2) 


Measurements of plasma specific activity at the conclusion of several experi- 
ments, when it has reached its maximum value, have indicated that @ is neg- 
ligible with respect to p. Equation 2 can then be simplified by setting g = 0 


and using the identities p = p[Na], and P = pp,. 
d(0,p)/dt = as *p/[Nal» (3) 


If Na efflux is proportional to Na concentration in the lumen, ®3* = &,[Na]». 
This relation assumes that the electrial potential difference across the membrane 
is constant and that the effect of the potential on efflux is included in &;. The 
validity of this assumption is discussed below. Substituting this relation into 
Equation 3 and carrying out the differentiation yields 


dp/dt = —[(dvy/dt) + kilp/v, (4) 


Changes in volume have been assumed to be linear with time over the course of 
an experiment, as given by Equation 5 


Dp = Vpo(1 — Ad) (S) 


The change with time of the amount of Na in the volume 9, is given by Equation 
6 which is the analogue of Equation 2. 


d(Na),/dt = —k,[Na], + kulNa], (6) 


Since the plasma Na concentration is assumed to be constant, the Na influx 
(k_,[Na],) will be assumed to be constant and equal to &;"*. The validity of this 
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assumption will be discussed in a subsequent section. Using the relation 
(Na), = [Na],v,, Equation 6 becomes 


—[(dv,/dt) + kil[Nalp + o0* 


Up 


d[Na],/dt = 





Equations 4, 5, and 7 define the movements of Na in the present system. They 
may be solved to yield values for &; and &;*. Using Equation 5, Equation 4 be- 
comes 
(po A — ki)p 


dp/dt = 
4 Tpo(1 — dé) 


(8) 


which has the solution 
In(p/po) = [(Ai/tpoA) — I]ln(1 — Ad) (9) 


in which p, = initial concentration of Na™. Solving Equation 9 for k, yields 


_ In(p/ po) 
ki = Dpod E: —™) + | (10) 


All the quantities on the right side of this equations can be obtained from 
experimental measurements. From Equation 5 


Ppod = [(Vpo/%p) — 1]op/t = yb - ‘| 


D. 


Finally using Equation 11, Equation 10 may be written 


t| D _ In (p/o) 
ali” E | E (D./D) * | 


from which &; may be calculated directly. 
Using Equation 5, Equation 7 becomes 


[(opo4 — ki)[Nalp + 27°] 


d[Na],/dt = > o(1 — Md) 





which has the solution 
Na 


—*; | : o* | ‘ 
[Na], = ek +] (Nal. + (1 — ¥) 


po Ppor — ky 


in which a = (ky/ pA) — 1. 
Solving Equation 14 for &S* yields 





e* = (v4 — m| (15) 


[Nalpo(1 — x)" — bese | 
1-a-w)* 


k; is given by Equation 12, and the other quantities in Equation 15 are all 
related to measured quantities. 
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From Equation 10, and the definition of a 
(1 — n)* - P/ Peo 
Using Equations 11 and 16 Equation 15 becomes 


, {hs - “4 2 - i} {[Nalpo(p/po) — [Nalp} 
®; 


si Gp.) = 1 = 


Since Na efflux is given by &,[Na],, and [Na], is a function of time, integration 
is necessary in order to obtain the Na efflux. 





t 
"= . | kilNal, dé (18) 


The integration may be carried out over the total time of collection since this 
is equivalent to summing the efflux for many small volumes of solution in- 
tegrated over the time that the volume spends in the intestine. By definition, 


t 
id, =* | [Nal dé (19) 
t Jo 


in which [Na], = time average Na concentration in the lumen. Therefore, 
@** = k,[Na], (20) 


The net Na flux is given by 


Na 


®, = eg — eo (21) 


In the present experiments, calculations for a number of examples have shown 
that the value of [Na]p obtained from the integration of Equation 19, using 
Equation 14, is closely equal to the arithmetical mean value of [Na],. Conse- 
quently the mean value has been used in the remaining calculations. In the 
final results, all fluxes have been expressed in terms of mm/hr. cm. for solutes 
and in ml./hr. cm. for water. 

The validity of these equations has been tested in experiments in which a 
given volume of solution has been recirculated through the intestine. In this 
way changes due to absorption can be followed as functions of time. Equations 
5 and 9 predict respectively that a plot of »,/v,. against time and a plot of In 
>/p. against In(1 — dé) should be straight lines. These plots for an experiment 
lasting 2 hours are shown in Fig. 1. The linear relations observed indicate 
that the above equations describe the system adequately for a 2 hour period 
which was characteristic of most of the experiments performed. 

The interpretation of results which follows rests on the validity of the assump- 
tion that only two compartments are effectively involved in the transport 
processes. It is necessary, therefore, to examine this assumption in some detail. 
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Anatomically, it is likely that a third compartment exists. Transport of sub- 
stances probably takes place, at least in part, through the epithelial cells of the 
mucosa, and these cells could constitute a third compartment in addition to 
the lumen and the plasma. However, if this compartment contains a small 
amount of Na relative to the other two, it will have little effect on the kinetics 
of transport between the two larger compartments. Further, if this third com- 
partment comes into rapid equilibrium with either of the two compartments 
it may be considered a part of that compartment, and the transport system 
will have only one effective barrier between the lumen and the plasma. Likewise 
if the transport into the third compartment is slow relative to the other com- 
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Fic. 1. Fit of experimental data to theoretical curve. 


partments, it will not affect the kinetics appreciably. The validity of Equation 
9, as shown in Fig. 1, indicates that the system can be described by two com- 
partment kinetics when flux from lumen to blood is considered. 

An estimate of the maximal size of the third compartment has been obtained 
from a determination of the total amount of Na™ remaining in the perfused 
segment of intestine at the conclusion of an experiment, as measured by direct 
counting of the tissue. This total comprises contributions of muscle, extracellu- 
lar fluid, and mucosal cells. An estimate of muscle and extracellular fluid Na™ 
may be obtained from the amount of radioactivity present in an adjacent non- 
perfused segment. The remaining activity, assumed to be entirely in the mucosal 
cells (the third compartment), was found in three experiments to average 2.1 
per cent of the total amount of Na™ transported across the mucosa. These 
findings indicate that the third compartment cannot contain a large amount 
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of Na’, unless it fills in a period long compared with 2 hours. In agreement 
with this observation, Visscher et al. (3) have found that only 5 to 10 per cent 
of the DO leaving the small intestine of dogs remains in the mucosa. Benson 
et al. (16) have found similar results in the rat small intestine. After 18 minutes 
only 6.5 per cent of an administered dose of DO remains in the lumen and in 
the wall of the small intestine while the rest of the D,O has been transported 
into the blood stream. Thus, these measurements support the analysis of Na 
transport on the basis of a two compartment system. 

In the above treatment, the influx into the lumen from the plasma has been 
assumed to be constant and independent of the concentration of ion in the 
lumen. As will be shown in Fig. 7 (discussed below), this assumption is valid for 
Cl at all concentrations and for Na at concentrations below 100 mm/liter. 
Above this concentration, Na influx increases with increasing concentration. 
However, in this concentration range, the Na concentration does not change by 
more than 5 mm/liter during a perfusion period. Such a change would cause 
only a 3 per cent change in Na influx, and it is reasonable to assume that the 
influx is constant. 

The assumption that the electrical potential difference across the membrane 
was independent of NaCl concentration in the lumen, is also not absolutely 
correct. A consideration of the magnitude of this effect indicates that the change 
in potential resulting from a change in NaCl concentration of 10 mm/liter (a 
change greater than that observed in any experiment) would cause a variation 
of less than 3 per cent in the efflux of either Na or Cl. 

The fluxes measured in these experiments were quite variable from animal 
to animal, an observation similar to that made by Visscher ef al. (2, 3) in the 
small intestine of the dog. Furthermore, there was often a considerable varia- 
tion in flux from one period to another in the same animal. Consequently, the 
following averaging procedure has been used to express the results. In each 
animal, four separate determinations of flux were made with each solution 
perfused through the intestine; these were averaged to give a single value of 
the fluxes for the particular solution. When the dependence of the fluxes on 
concentration was studied, fluxes measured at similar concentrations in differ- 
ent animals were averaged. 


RESULTS 
Response of Net Water Flux to Osmotic Pressure Gradients.— 


In three experiments, the intestine was perfused with NaCl solutions of vary- 
ing tonicity. The results of a typical experiment are shown in Fig. 2. Water is 
rapidly absorbed from a hypotonic solution but enters a hypertonic solution, 
indicating that water movements are, at least in part, controlled by the gradient 
of water activity across the membrane. This finding indicates that the intestine 
is relatively freely permeable to water in response to osmotic gradients. 
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Fic. 2. Influence of osmotic gradients on net water flux. Since no mannitol was 
added to the perfusing fluid, the tonicity is proportional to the NaCl concentration. 
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TABLE I 
Net Na and Net Water Flux across the Ileum When Perfused with 150 mu /Liter NaCl 





Net Na flux X 10% Net H:0 flux 





ma/hr. cm. ml./hr. cm. 


5.36 0.28 
2.70 0.22 
1.92 0.12 
1.58 0.14 
1.20 0.11 
1.08 0.08 
0.91 0.07 
0.82 0.07 
0.58 0.02 
0.48 0.09 
0.41 0.04 
0.30 0.01 
0.19 0.03 
—0.26 —0.01 
—0.56 —0.02 
—0.84 —0.11 
—1.28 —0.06 
—2.46 —0.08 
—3.25 —0.12 








Linkage of Net Water Flux and Net Solute Flux.— 


The results of individual net flux determinations in three experiments in 
which the segment was perfused with solutions of 150 mm/liter NaCl are 
given in Table I. A correlation coefficient calculated from the data shows that 
the net Na flux is significantly correlated with the net water flux (p < 0.01). 
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The movement of these substances across the intestinal wall must be governed 
by one or more of the following processes: (a) a transport mechanism in the 
intestinal membrane moves both water and NaCl independently and separately; 
(b) the transport mechanism moves water and NaC] follows as the result of 
water movement; (c) the transport mechanism moves NaCl, and water follows 
as a result of solute movement. These alternatives are mutually exclusive since 
if the movement can be shown to be governed entirely by either process (5) 
or (c), it cannot be governed by process (a) or a combination of (a) with either 
of the others. At this stage, we are not concerned with the distinction between 
active and passive transport, but rather between dependent and independent 
processes. 
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Fic. 3. Change in net water flux resulting from a change in net Na flux. The activ- 
ity of water is kept approximately constant in each of the four solutions used, by re- 
placing the NaCl with mannitol. 
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To test this point, nine experiments were carried out in which part of the 
NaCl in the perfusing solution was replaced with mannitol to provide perfusing 
solutions of constant tonicity but varying NaCl concentrations. Fig. 3 shows the 
results of a typical experiment in which three different concentrations of NaCl 
were employed in a single animal. It can be seen that the Na flux is dependent 
on the NaCl concentration in the lumen, and that the water flux follows the 
Na flux. These observations would support the conclusion that either process 
(c) or a combination of (a) and (c) is the operative mechanism. 

The choice between these two alternatives can be made from a determina- 
tion of the exact relationship between salt and water flux. The net water fluxes 
found in this same series of experiments are plotted in Fig. 4 against the cor- 
responding net Na fluxes. The linear relation between these two variables has 
been determined by the method of least squares yielding the following equation 
which has been plotted as the full line in Fig. 4. 


®% = (5.33 + 0.55)@N* + (0.04 + 0.01) [ml./hr. cm] (22) 
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If the water transported is exactly equivalent to the water required to main- 
tain the transported NaCl at an isotonic concentration, the relationship between 
these variables would be 


®* = 6.67 ** (ml. /hr. cm.] (23) 


The positive intercept of the experimental line with the y axis indicates that 
water is still being absorbed in the absence of net Na transport. This, together 
with the different slope could be ascribed either to a separate mechanism for 
water absorption or to the absorption of solutes other than NaCl. 
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Fic. 4. Relation between net Na flux and net water flux. Each point represents an 
average of four separate flux measurements from a single perfusing solution in one 
animal. The line was determined by the method of least squares. 





To determine which alternative is correct, both the net flux of Na and of 
mannitol, which is the only other solute present in the lumen in appreciable 
amount, were determined in a series of four experiments. In order to check that 
no osmotically important amount of solute enters the lumen during the course 
of perfusion, freezing point depressions were measured before and after per- 
fusion with isotonic solutions in six experimental periods in two animals; no 
change was found. The movement of one equivalent of Na actually results in 
the movement of two osmotic equivalents of solute, since electroneutrality 
must be preserved. Thus the movement of one equivalent of mannitol is only 
one-half as effective in moving water osmotically as one equivalent of Na, 
and the expected relation becomes 


®% = 6.67(0%* + 1/287] (24) 


in which ®} = net mannitol flux (mm/hr. cm.). The results of these experiments 
are shown in Fig. 5. The line drawn through the points was determined by the 
method of least squares and is given by 


®% = (6.17 + 0.66)(@N* + 1/287) + (0.001 + 0.008) (25) 
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which is in good agreement with the expected relation. It is concluded that 
process (c) is operative, and that the transport of water is a passive process, 
depending entirely on the absorption of dissolved substances, and on the gradi- 
ent of water activity. 

The apparent slight difference in slopes of the expected and observed lines 
might suggest that water movement lags somewhat behind the movement of Na. 
Such a result would not be entirely unexpected since Visscher and Roepke (17) 
have found that isotonic solutions become slightly hypotonic during absorption 
from the small intestine of dogs indicating that salt is absorbed more rapidly 
than water. A lag would also be in agreement with the concept that water flux 
follows solute flux. If the roles were reversed, water would be expected to move 
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Fic. 5. Relation between net solute flux (net Na flux + 44 net mannitol flux) 
and net water flux. The solid line has been drawn through the points by the method of 


least squares; the broken line is the expected relation for transport of solute in iso- 
tonic concentration. 
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more rapidly than salt, and the slope of the experimental line might be greater 
than 6.67. 


The Effiux and Influx of Na and Cl.— 


The dependence of Na and C] efflux on concentration in the lumen is shown 
in Fig. 6. For both ions, the efflux is a linear function of concentration in the 
lumen. Such a relation would be expected for a passive diffusion process, but its 
occurrence cannot be taken as evidence that no active processes are involved. 

Influx into the lumen would be expected to be independent of concentration 
in the lumen, since the influx takes place from a reservoir of constant concentra- 
tion (the plasma). In general, the passive diffusion of a substance in one direc- 
tion across a membrane is not dependent on the concentration on the other side 
of the membrane. In the case of Cl, as shown in Fig. 7, the influx of Cl does 
indeed appear to be independent of luminal concentration. Such a situation 
does not, however, obtain in the case of Na. No adequate explanation exists for 
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the increase in Na influx with increases of Na concentration above 100 ma/liter, 
though it may be that the measurement of Na influx is complicated by the 
secretion of intestinal glands. 

Comparison of the efflux and influx relationships indicates that net absorp- 
tion of Na can take place from solutions as dilute as 55 mm Na/liter, and that C| 
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Fic. 6. Efflux of Na and of Cl from the solution in the lumen as a function of NaCl 
concentration. The lines were determined by the method of least squares. 
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Fic. 7. Influx of Na and of Cl into the lumen as a function of NaCl concentration 
in the lumen. The lines were determined by the method of least squares. For Cl 


influx, all points were used; for Na influx only the points between NaCl concentra- 
tions of 0 and 100 mm/liter were used. 
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can be absorbed from a solution of 45 mm Cl/liter. Since the mean values of Na 
and Cl concentration in the plasma, determined at the conclusion of five experi- 
ments, were 136.0 mm/liter and 110.0 mm/liter respectively, both ions can be 
absorbed against appreciable concentration gradients. 


Relation of Ion Fluxes to Potential Difference.— 


Ussing (18) has shown that the transport of an ion may be defined as passive 
if, in the absence of a temperature gradient across the membrane, the ratio of 
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efflux to influx satisfies the following equation, which has been derived from 
that given by Ussing on the further assumption that the activity coefficient in 
the plasma is the same as that in the lumen. 


% fe, et (Y1—2)/RT (s)"" (26) 
% G&G awa 

The subscripts 1 and 2 denote the solutions in the lumen and plasma respec- 
tively. c is the concentration of the solute, and a, the activity of the water, 
y is the electrical potential, z the ionic charge, F, the Faraday, R, the gas 
constant, and 7, the absolute temperature. Ussing defines G as “the friction 
between ion and water at unit velocity and g,, as the corresponding value for a 
water molecule.” With respect to the solvent, it has been shown (Fig. 5) that 
under the present experimental conditions there is no net flow of water when 
there is no net flow of solute. Consequently, the activity of water, which in- 
cludes osmotic and hydrostatic contributions, may be taken as equal in lumen 
and plasma, and Equation 26 reduces to 


~b - a e@F(yi—¥2) (RT (27) 
% G 

Since the concentration of Na and Cl in lumen and plasma has been measured, 
itis only necessary to determine the potential difference in order to calculate the 
expected flux ratio according to Equation 27. 

Measurements of potential were made in both recirculation and constant 
infusion experiments. In the former, measurements at luminal concentrations 
of 146 and 163 mm Na/liter gave zero potential differences [(¥i1 — ¥2) = —0.6 
+ 0.8 mv. and —0.3 + 0.9mv. respectively]. The potentials remained constant 
within experimental error for a period of at least 100 minutes. The electrodes 
were placed in the lumen and on the surface of the segment of perfused in- 
testine. However, the significant potential difference is that between the solu- 
tion in the lumen and the plasma. Consequently, it is necessary to show that 
the potential difference between plasma and surface of the perfused segment 
may be neglected. Since the electrometer used to measure the potential draws 
a grid current of less than 5 X 10~ amperes in the input stage, the resistance 
of the additional membranes between plasma and segment surfaces does not 
cause a significant potential drop. Furthermore, it is assumed that there are 
no bioelectric potentials generated between plasma and surface. 

Potential measurements, with simultaneous flux measurements, were also 
made at different NaCl concentrations in the same animal using the constant 
infusion technique described above. The results of five experiments have been 
averaged and are given in Table II. Column four gives the calculated flux ratios 
on the basis of Equation 27. The difference between these calculated flux ratios 
and the ones actually observed, given in column five, is interpreted to mean 
that the flux of Na is active according to Ussing’s criterion. 

Since the measured potential differences showed in all cases that the lumen 
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was either positive with respect to the plasma, or was equal to the plasma po- 
tential within 2 mv., simultaneous measurements of Cl flux were not made. In 
Table III the second column gives the lumen to plasma concentration ratio for 
Cl which is to be compared with the observed flux ratio given in column three. 
No entry has been made for the potential difference, since its effect is only to 


TABLE II 
Na Flux Ratios 





Calculated flux ratio Observed flux ratio 
Ay for ive transport oNe 

(lumen-plasma) Naipo .AvF/RT 
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+6.6 
+2.7 
+0.4 
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Cl Flux Ratios 
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increase the discrepancy between the figures in column two and those in 
column three. It is concluded that Cl, as well as Na, is transported actively from 
lumen to plasma in the ileum of the rat. 


Relation of Net Na Flux to Net Cl Flux.— 


In eleven experimental periods in three animals net Na and Cl fluxes were 
measured simultaneously. The net Cl flux is greater than the Na flux and 
linearly related to it according to the following equation, 


a! = (0.77 + 0.13)@8* + (0.81 + 0.05){mu/hr. cm.] (2) 
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The correlation coefficient for this relationship is excellent (p < 0.01). Since 
there is a net Cl flux when the net Na flux is zero, the observed potential differ- 
ence may be ascribed in part to the charge carried by the Cl ions. The potential 
produced by this charge transport will be reduced by the back flow of other 
negatively charged ions of which bicarbonate is probably the most important. 


DISCUSSION 
Passive Transport of Water.— 


The finding that water absorption is a passive process is in agreement with 
the results of some earlier investigators. McDougall and Verzar (19) concluded 
that water movements from isotonic solutions could be explained entirely by 
the movements of solutes, and Wells (20) found that the rate of water absorp- 
tion from the intestine was linearly related to the hydrostatic pressure of the 
solution in the lumen. Goldschmidt and Dayton (1) on the basis of their studies 
of water movement in dog intestine, consequent to changes in the tonicity of 
the plasma and of the fluid in the intestinal lumen, have concluded that at least 
a part of the water movement must be due to passive processes. 

More recently there have been suggestions that water absorption from the 
intestine is almost entirely an active process. Visscher ef al. (3) have concluded 
that the movements of water which they observed in the small intestine of the 
dog during im vivo experiments could not be explained by simple diffusion and 
osmosis and have suggested that an active flow of fluid takes place during 
absorption. Smyth and Taylor (21) and Fisher (22) have found that the ab- 
sence of glucose from the inner perfusing solution of isolated segments of rat 
intestine completely inhibits water absorption. In addition, Fisher found that 
a large osmotic pressure gradient had no effect on water absorption in the iso- 
lated intestine even in the presence of glucose. On the basis of these observa- 
tions he concluded that water absorption is entirely an active process. 

Visscher et al. (3) measured the efflux and influx of water using D,O. Their 
conclusion of the active nature of water absorption was based on the observa- 
tion that the ratio of water efflux to influx was not equal to the ratio of water 
activities on the two sides of the membrane. Subsequent to this work, Koefoed- 
Johnson and Ussing (23) pointed out that when water is passing through a 
porous membrane, the flux ratio will not, in general, be equal to the activity 
ratio. The difference between these two ratios for passive water movement is 
dependent on the structure of the membrane, particularly the size of the pores. 
Thus it is not possible to use the flux ratio to decide whether or not water is 
subject to active transport without a detailed knowledge of the structure of 
the membrane. 

The difference between the present conclusions and those of Fisher, and 
Smyth and Taylor may be due to the difference between the present in vivo 
and their im vitro preparation of intestine. In their in vitro preparation, the 
blood supply has been removed, and as stated above, the movement of water 
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normally observed with glucose present in the lumen was found to be inde. 
pendent of an osmotic pressure gradient equivalent to about 500 cm. of H,0, 
Such behavior is not characteristic of the in vivo preparation. In the dog, Vis. 
scher ef al. (3) and Wells (20) have found water movement in response to os- 
motic and hydrostatic gradients respectively. In the rat, McDougall and Verzar 
(19) have observed that water movement follows the osmotic gradient when 
anisotonic solutions were placed in the lumen of anesthetized animals. This is 
in agreement with the results of the present studies, as shown in Fig. 2. 

The conclusion that water movement is passive to solute movement under our 
experimental conditions rests upon the following observations. First, Fig. 5 
shows that water movement and solute movement are linearly related, and 
go through zero together. The amount of water that moves across the membrane 


TABLE IV 
Net Water Flux across Intestinal Segments 





Net water flux 
Anima! and intestinal segment 
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. | pamt/em.* sec. 





Present studies Rat ileum—in vivo 

Fisher and Parsons (26) Rat ileum—in vitro 

Wilson (27) Rat ileum—in vitro 

Fisher (22) Rat small intestine—in vitro 
Jervis e¢ al. (28) Rat small intestine—in vivo 
Smyth and Taylor (21) Rat jejunum—in vitro 
Visscher et al. (3) Dog ileum—in vivo 

Tidball and Tidball (29) Dog jejunum—in vivo 


0.42 
0.53 
0.49 
0.47 
0.28 
0.29 
0.25 
0.46 
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is closely equal to that required for movement of an isotonic solution. Second, 
when the water activity is kept approximately constant by the substitution of 
mannitol for NaCl, the water movement follows the solute movement, as shown 
in Fig. 3. Finally, when osmotic gradients are applied to the system, the water 
moves according to the gradient. Since this last observation is different from 
that made by Fisher, the disagreement in our respective conclusions may be 
ascribed to differences in the intestinal preparation used. 

It is heartening that in other respects there is very good agreement between 
the results of the present experiments and those of others, particularly in the 
case of net water efflux. Since in the first instance, water flux may be assumed 
proportional to the total surface area across which the flux is measured, com- 
parisons will be made on the basis of mean mucosal surface area. In the case 
of the rat, surface area has been measured by Fisher and Parsons (24); in the 
case of the dog by Warren (25). The present results for water flux, 0.12 ml./(hr. 
cm. length) in six experiments using isotonic NaCl, may be converted to 7.6 X 
10-* ml./cm.? sec., or 0.42 um/cm.? sec. Table IV shows the comparison of this 
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result with figures calculated from the data given by other workers both in the 
rat and in the dog. The agreement between these several results is surprisingly 
good, notwithstanding the fact that there are three preparations of rat intestine, 
and two species included in the data presented in Table IV. 


Active Transport of Na and Cl.— 


Active transport of both Na and Cl by the intestine has been previously sug- 
gested by many investigators. Visscher ef al. (3) found that Cl movements in 
dog intestine could not be explained by simple diffusion; Goldman et al. (7) 
arrived at similar conclusions with respect to Cl, but suggested that Na move- 
ments were passive, D’Agostino, Leadbetter, and Schwartz (5) suggested that 
both Na and Cl were actively transported. However, electrical potential differ- 
ence was not taken into account in any of these experiments. 

In the present study it has been shown from the data presented in Tables II 
and III that Na and Cl are each actively transported against an electrochemi- 
cal potential gradient according to the definition of Ussing (18).* On this 
basis, it is possible to explain three observations on absorption which have been 
the concern of investigators since the time of Heidenhain. Net absorption of 
water from slightly hypertonic solutions takes place because the rapid absorp- 
tion of the solute provides a driving force for water absorption sufficient to 
overcome the adverse osmotic pressure. When in further experiments, the 
initial tonicity of the solution in the lumen is increased, a point will be reached 
where solute absorption is no longer sufficient to balance the osmotic pressure 
effect, and water will then enter the fluid in the lumen. The absorption of an 
animal’s own serum from its intestine can be fully explained by active solute 
absorption which will, in turn, result in the absorption of water. The absorption 
of both Na and Cl against concentration gradients, as has been shown, is in 
accord with the active transport of these ions. 

The “Cl impoverishment” system of Visscher and his coworkers (30) can 
also be explained by the active transport of Na and Cl. In their experiments, 
an isotonic solution of NaCl and Na2SO, is placed in the intestine, and the con- 
centration of Clis observed to fall quite rapidly, approaching zero in many cases. 
The intestine is only slightly permeable to sulfate ion, and as a result, water is 


*No consideration of “exchange diffusion” has been included in the application of 
this criterion. Exchange diffusion cannot contribute to the net transport of an ion in 
the absence of both electrical and chemical potential gradients. In the case of Na, 
the potential difference is zero, when the luminal concentration is 136 mM /liter, 
equal to the plasma concentration; under these conditions the net Na efflux is equal 
to 1.10 X 10-* ma/hr. cm. In the case of Cl, the potential difference is —2 mv. 
(plasma negative to lumen) when the lumen concentration is 110 mm/liter, equal to 
the plasma concentration. Under these conditions, the net Cl efflux is 1.45 x 107 
mM/hr. cm., and transport is up a slight potential gradient. 
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retained in the lumen along with Na,SO,. Net absorption of NaCl takes place 
actively, as has been shown above; and NaC! will continue to move out of the 
intestine until an equilibrium between efflux and influx is reached, presumably 
limited by the availability of Cl ion. Passive water movement, controlled by 
active NaCl fluxes, in accord with the considerations given by Koefoed- 
Johnson and Ussing (23), causes the “forced fluid flow” proposed as the mecha- 
nism of intestinal absorption by Visscher and his colleagues (3). Metabolic 
posions have been shown by Ingraham and Visscher (31) to inhibit Cl uptake 
from the intestine. On the present basis this is interpreted as an effect on the 
active transport of solute. Consequently, transport during poisoning should be 
due only to free diffusion, and the concentration of Cl in the lumen would be 


TABLE V 
Comparison of Fluxes from Isotonic Saline in the Ileum of the Rat and the Dog 





Na effiux | Na influx Cl efflux Water efflux 
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Rat (present 3400 2355 1980 
studies) 
Dog (3) | 4410 2400 2050 | 
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* Calculated from the following equation derived from Equation 13 of Reference 23 
6” = one 
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expected to approach the concentration in the blood, as has been observed by 
Ingraham and Visscher. 

The development of a slight degree of hypotonicity during the absorption of 
isotonic NaCl solutions as observed by Visscher and Roepke (17) is in accord 
with the present hypothesis. This may be ascribed to the lag of net water ab- 
sorption behind net solute absorption as shown in Fig. 5. Wells (20) observed 
that the pressure in the lumen had to be reduced below one atmosphere to stop 
absorption of water. This observation is also in agreement with the present 
hypothesis since at hydrostatic equilibrium the active absorption of solute 
should cause the absorption of water from isotonic solutions. 

In the case of Na and Cl flux, as in the case of the water flux, there is a 
considerable measure of agreement between the present results and those of 
other workers, in this case, Visscher and his associates. Table V presents 4 
comparison of results calculated on the basis of flux per square centimeter of 
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mucosal tissue. It will be seen that in every instance, notwithstanding the 
species difference, the agreement is good, including the case of water efflux, 
calculated from the present results according to the equations of Koefoed- 
Johnson and Ussing (23). 


Calculated Physical Characteristics of Membrane Equivalent Pores.— 


The present experiment results can be used to estimate the average pore size 
in the membrane and the role played by diffusion in the movements of Na and 
Cl. Using the data obtained for the diffusion of mannitol through the membrane, 
and the rate of flow of water under an osmotic pressure gradient (obtained in 
three experiments with 75 mm NaCl solutions to which mannitol was not 
added) the average pore radius may be estimated using Fick’s and Poiseuille’s 
laws as has been done by Pappenheimer, Renkin, and Borrero (32) for the 
capillaries in the cat’s hind limb. From Fick’s law, 


A : 


i 29 
Az DaCu (29) 


in which A = total area available for diffusion, Ax = length of pores, 7 = 
efflux of mannitol (4.9 X 10-* mm/sec.), D, = diffusion coefficient for 
mannitol from International Critical Tables (9.2 X 10-* cm.?/sec. at 37°C.), 
and C,, = concentration of mannitol (150 mm/liter). This calculation gives a 
value for A/Ax of 35.2 cm. per 10 cm. length of intestine. From Poiseuille’s 
law, the pore radius is given by 

g8n 


"= (h/ax)aP (30) 


in which y = average radius of pores in cm. g = rate of water flow (4.1 X 
10~ ml./sec.), AP = pressure gradient (3.90 X 10° dynes/cm.’), and 7 = 
viscosity of water (7.0 X 10-* poise at 37°C.). Renkin (33) has given equations 
from which data obtained with mannitol as a probing molecule can be cor- 
rected approximately to apply when water is used as probing molecule. After 
making this correction, the average equivalent pore radius becomes 36 A. 

On the basis of the equations developed by Koefoed-Johnson and Ussing 
(Equations 19 and 21, Reference 23), the observations of Visscher et al. (3) 
lead to a calculated equivalent pore radius in the membrane of about 40 A. 
This calculation gives only a rough order of magnitude for the pore radius since 
the conditions of the experiment do not satisfy the conditions imposed for the 
development of the equation used. Nonetheless, it is in good agreement with 
the results of the present experiments; furthermore, the radius proposed for the 
pores r the capillaries of the hindlimb of the cat by Pappenheimer (34) is 30 
to 45 A. 

The assumptions inherent in such calculations have been discussed in detail 
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by Pappenheimer (32, 34) and Durbin, Frank, and Solomon (35). In addition, 
there are certain restrictions which apply in particular to the present estimate, 
which is a by-product of an investigation directed toward other ends. Thus, the 
membrane has been assumed impermeable to NaCl in calculating the osmotic 
pressure gradient; the known permeability of the membrane to NaCl will re. 
duce the osmotic pressure gradient. 

Pores of 36 A would retain, in large measure, proteins and other large mole- 
cules, as has been observed with hemoglobin in the present experiments. None- 
theless small molecules, particularly uncharged ones, would be absorbed from 
the intestine by simple diffusion. This physical picture provides for the non- 
specific absorption of the breakdown products of the digestive process. Pores of 
36 A radius would also account for Fisher’s observation that urea, creatine, and 
sorbitol are all absorbed at rates proportional to their concentration gradients 
when water is absorbed. The absence of solute absorption in Fisher’s exper- 
iments when water is not being absorbed would appear to be related to the 
peculiar behavior of the in vitro preparation with respect to water movement in 
response to osmotic gradients. 

Given the value of A/Ax calculated from Equation 29 and the assumption 
that transport from the plasma into the lumen is passive for Cl at all concentra- 
tions and for Na in the concentration range 0 to 100 ma/liter, it is possible to 
draw further conclusions about the equivalent physical structure of the mem- 
brane. Since the concentration gradients and fluxes are known for both ions, it 
is possible to calculate an effective diffusion coefficient through the pores and to 
compare it with the diffusion coefficient in free solution. On this basis, the 
diffusion coefficient of Na through the membrane is 1.55 XK 10-* cm.?/sec., or 
84 per cent of 1.85 X 10~-° cm.?/sec. the diffusion coefficient of Na in solution at 
37°C. as calculated from the diffusion coefficients of NaCl and NazCO; given 
in the International Critical Tables. This calculation is made on the basis of the 
relative amounts of NaCl and NaHCO; in the plasma using the assumption 
that the diffusion coefficient of NaHCO; is the same as that of NazCO;. The 
restriction of diffusion of Na may be laid provisionally to the tortuosity of 
the path and the uncertain shape of the channel through which it may diffuse, 
though other explanations can certainly not be excluded. Considering the 
approximations involved in the calculations, and the effect of the charge barrier 
described below, the agreement of the diffusion coefficients of Na in the mem- 
brane and in free solution is good. 

In the case of Cl, the calculated diffusion coefficient through the pores is 0.51 
X 10-* cm.?/sec., or only 25 per cent of 2.08 X 10-* cm.2/sec., the diffusion 
coefficient of NaC] in free solution. The restriction of diffusion of Cl, as compared 
with Na, may well be attributed to the presence of a negative charge barrier in 
the membrane. The charge density necessary to account for this restriction 
may be approximated from the equations given by Teorell (36): it lies between 
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an upper limit of 0.64 mM/ml. and a lower limit of 0.16 mm/ml. Using an 
equivalent pore radius of 36 A, and a cellular membrane thickness of 0.1 y, 
estimated from the electron microscope studies of the rat intestinal mucosa 
given by Granger and Baker (37), the charge density is of the order of 1 charge 
per 100 to 390 A? of the pore wall area, calculated on the basis of right cylinders 
of uniform length (0.1 «) and radius (36 A) and assuming a uniform distribution 
of charge. The fraction of the surface area occupied by pores can be estimated 
as 0.001 per cent or 1 pore per 4 X 10° A®. 

The picture of the equivalent pore that emerges from these calculations, both 
in respect to pore diameter and ionic charge density, must be viewed in the 
light of the approximations that have been used to delineate it. It represents a 
physical approximation of an idealized pore based on present knowledge and 
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Fic. 8. Effect of NaCl concentration in the lumen on the active efflux of Na and 
Cl from the lumen. Circles represent Na efflux and crosses represent Cl efflux. The 
curves were drawn using the constants obtained from least squares analyses of Line- 
weaver-Burk plots. 


inadequate theory. As more exact information accrues and more adequate 
theory is developed, the image of the physical structure of the membrane will 
surely clarify. 


Active Transport of NaCl and Potential Differences.— 


On the assumption that transport of Na and Cl from plasma to lumen is 
passive, Equation 27 permits calculation of the passive component of lumen to 
plasma flux, and hence, by subtraction, of the active component of this flux. 
The active efflux is shown in Fig. 8 as a function of the initial NaCl concentra- 
tion in the lumen. The curves have been obtained by the method of least 
squares applied to a Lineweaver-Burk plot of the Na and the Cl data ({active 
efflux} plotted against [NaCl}“). The active component of efflux represents 
only a small fraction of the total efflux at luminal concentrations above 50 
mM NaCl/liter, and hence cannot be distinguished in Fig. 6. Both curves appear 
to be of a saturable type, an observation which is characteristic of transport 
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systems assumed to be mediated by carriers. Furthermore, it would appear 
that the transport system differs in some essential particulars for the two ions. 

The data in Fig. 8 indicate that more negatively charged ions than positively 
charged ones are actively transported out of the lumen. Furthermore, it has 
been shown that the passive influx of Na from blood into lumen is greater than 
the influx of Cl, which would tend to enhance the potential difference across the 
membrane. The Henderson diffusion equation, with the mobilities modified in 
accordance with the diffusion coefficients in the membrane given above, has 
been used as the basis for the calculation of the potential difference to be ex- 
pected across the membrane. In order to compensate for the active efflux of C] 
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Fic. 9. Electrical potential difference across the intestine as a function of NaCl 
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(in excess of Na), the Cl mobility has been corrected by adding the excess ac- 
tive Cl efflux to the passive Cl efflux, and calculating a concentration dependent 
“effective membrane mobility.” Fig. 9 shows that the theoretical potential 
difference is in good agreement with the experimental results. Thus it may be 
concluded that the potential difference across the membrane may be ascribed 
to a diffusion potential, modified slightly by the excess active transport of 
Cl in the reverse direction. The good agreement between experiment and 
theory shown in Fig. 9 also provides indirect evidence in support of the assump- 
tion that the potential difference between blood and peritoneal cavity may be 
neglected. 

Fisher (22) has shown that glucose is necessary for the efflux of water from 
the intestine. In the present view, the requirement for glucose arises from the 
active nature of the NaC! transport, to which water flux is secondary. The 
energy production in the mucosa can be estimated from the data of Newey, 
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Smyth, and Whaler (38) on the conversion of radioactive glucose to CO, and 
lactic acid by an im vitro preparation of ileum. Calculations on the basis of these 
results give a value of energy production of 0.26 cal./hr. cm. length. The active 
component of the transport of NaCl into the plasma, under the most un- 
favorable conditions when the intestinal concentration is 30 mm/liter, requires 
a minimum supply of energy equal to 0.017 cals./hr. cm. length, or 1786 cals./ 
mol NaCl. This represents a drain of only 6.5 per cent of the energy available. 
Thus there is a very large energy reserve available for the essential physi- 
ological function of water conservation by the intestine. In support of this 
conclusion, Fisher has found that reduction of the glucose concentration in the 
intestine with consequent reduction of glucose absorption to less than half his 
normal value, is without effect on water absorption. On the other hand, Fisher 
found the inhibition of glucose absorption by phlorizin poisoning to be linearly 
related to inhibition of water absorption. This suggests that phlorizin acts on a 
link in glucose metabolism which is intimately connected with NaCl transport. 


SUMMARY 


Experiments have been carried out to measure the flux of Na, Cl, in both 
directions and the net water flux across the intestinal epithelium of the rat 
ileum. The following major conclusions have been drawn from the experimental 
results. Water movement from the intestine to the blood is passive to solute 
movement, in this case NaCl movement. Both Na and Cl are transported 
actively and individually from intestine to blood. The measured potential dif- 
ference may be accounted for in terms of a diffusion potential, as modified by 
the active components of Na and Cl flux. These conclusions form the basis for 
a self-consistent explanation of water absorption from the intestine which 
accounts for the observations made by Heidenhain, Visscher, and many sub- 
sequent investigators. The epithelial membrane may be described in physical 
terms as equivalent to a membrane with uniform negatively charged right 
circular pores of 36 A radius, occupying 0.001 per cent of the surface area. 
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ABSTRACT 


The movements of tracer K and net changes of K have been measured in frog 
muscle. The quantities moving can be linearly related to the square root of the time 
after a delay of 4 to 30 minutes depending on the external K concentration. The slope 
of the uptake-#? line is increased when the external K concentration is raised. The 
(io of the uptake is about 1.9 per unit #. K uptake from 1 to 2 mm concentration is 
diminished by a factor of about 2 if strophanthin is applied. The output per unit # 
is increased by a factor of about 1.4 by strophanthin. Tetrabutylammonium sub- 
stituted for 10 per cent of the Na in the medium causes a reversible slowing of K 
uptake and Na output. The rates of movement found in the tracer experiments can 
be used to calculate the net losses of K taking place in K-free or strophanthin-con- 
taining media. The results are interpreted on the basis of K movement being limited 
both by a resistive outer layer and by diffusion within a K-rich region. The internal 
diffusion constant is 10-" to 10~ cm.? sec depending on the K concentration. 
The rate of movement of the K can be related to the electrochemical activity of the 
ion, the lability of the sites on which it is absorbed, and cation + anion pair diffusion 
within the cell. The surface resistance to K ions can be accounted for as the sum 
of a membrane resistance equal to that found by electrical methods and the resist- 
ance offered to the movement of K by an annulus sufficiently thick (ca. 3 4) to ac- 
commodate the cell Na at a density equal to the mean density of cation within the 
cell through which K diffuses with the same diffusion constant as holds in the K-rich 
region. Na movement, if assumed to take place by diffusion from the annulus with 
diffusion constant equal to that for K ions, has a rate which agrees well with observed 
values. The influence of strophanthin and tetrabutylammonium on the ion move- 
ments is interpreted as being the result of these agents causing an expansion of the 


outer non-selective region, normally occupied mainly by Na, at the expense of the 
inner K-rich region. 


Movement of tracer K between tissue cells and a solution does not follow 
a simple law. If the major barrier to movement were a thin membrane en- 
closing freely diffusible cellular K the process would follow a first order law; 
that is, the tracer content would be a rising or falling exponential function of 
time. The law is slightly modified by the delay before the ions reach the interior 
of the specimen when it is made up of a number of adherent cells as in the 

169 


J. Gen. Purysron., 1957, Vol. 41, No. 1 





170 K IONS IN MUSCLE 


sartorius (Harris and Burn (17)). However, to fit experimental observations 
it has usually been necessary to postulate at least two fractions of unequal ex- 
change ability (Harris (15); Carey and Conway (3); McLennan (26); Schreiber 
(28)). The sum of the amounts of K in the fractions does not always equal the 
total tissue K. In order to relate uptake to output rates it was, for example 
necessary to suppose that as much as half the K of frog muscle did not exchange 
with tracer (Harris (15)). The amount which was found to participate in the 
exchange increased when the external K concentration was raised. It was neces- 
sary to invoke a non-exchangeable fraction because tracer output from a loaded 
muscle was not equal to the rate of uptake divided by the degree of dilution of 
tracer within the cell. A further difficulty met in giving tracer results a quanti- 
tative interpretation has been that the K movement is considerably slower than 
would be expected from the electrical conductance of the membrane (for figures 
see Keynes (25)). 

The present paper is concerned with tracer K movement in frog muscle and 
its modification by certain agents. It will be shown that uptake and output 
can be related without assuming inexchangeable fractions. The tracer results 
can be shown to agree with the analytical results obtained when net changes 
are induced either by poisoning or by omission of K from the medium. 

A factor which has not previously been taken into account in permeability 
studies is the rate of internal mixing. That the tracer fails to become uniformly 
mixed with the tissue K has been shown by Harris and Steinbach (20). If 
internal diffusion is slow compared with the rate of passage through the cell 
membrane diffusion will limit the rate of tracer movement and impose its own 
time course on the process. The ion movement will not measure exclusively a 
membrane property but will also depend on the internal diffusibility; it is on 
this basis that the results are interpreted. The membrane permeability and 
the internal diffusion constant have been evaluated under various conditions. 


It is to be noticed that the diffusion equation involves a series of exponential terms 
so that the occurrence of diffusion-limited movement is kinetically indistinguishable 
from movement from several compartments each governed by a first order law. 


Methods : 

Tracer Experiments.—The tracer experiments were made exclusively upon sartorii 
from Rana temporaria. The tracer K was obtained in the form of KHCOs. The so- 
lution used in the experiments had the following composition: NaCl 90 mu, NaHCO; 
30 mm, CaCl, 2 mm, MgCl, 1 mm, and KCl 2 mm or an amount specified in the text. 
It was made up freshly before use and bubbled with 95 per cent O, + 5 per cent CO; 
during the experiments. 

Uptake of tracer K was followed as described by Harris (15). The muscle was 
immersed for a period in the tracer solution, then given a wash (1 minute) in normal 
mixture before being put beneath a Geiger counter for assay of the radioactivity. 
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After counting it was returned to the radioactive solution for further periods. At 
the end of the experiment the muscle was extracted in warm water. The activity in 
the extract was assayed and compared with that of a dilution of the soaking solution. 
The extract was also used for Na and K analysis. 

The output of K from a previously loaded muscle was followed by passing the 
specimen through a series of small volumes (2 or 3 ml. each) of saline mixture with 
measured times of immersion. The amounts of tracer collected in successive portions 
of solution provide a more accurate measure of output than is obtained by measuring 
the radioactivity of the tissue. The quantity of tracer was adjusted so that measure- 
ments were made on samples with count rates of at least several hundred per minute. 
Sufficient counts were registered to provide a statistical accuracy of better than 3 
per cent. 

Analysis —The muscle cations extracted in warm water were analysed using an 
Evans Electroselenium Ltd. flame photometer. Readings were reproducible to within 
2 parts in 100. 


RESULTS 


Diffusion into a Cylinder with Resistive Coating.—Before giving experimental 
results it will be useful to examine the characteristics of the time course of 
diffusion into a cylinder through a resistive coating’ because it will be argued 
that ion movement into the muscle cell is controlled both by the rate of internal 
diffusion and by the resistance of a surface layer. The appropriate mathematical 
function is given in the Appendix; it was used to draw the curves in Fig. 1 
which relate the average saturation of the cylinder to a parameter containing 
the square root of the time for a number of values of the ratio: radius X surface 
permeability/diffusion constant. When the surface has a low resistance (i.e. 
high permeability), the curve is slightly convex away from the abscissa; with 
the product of radius and permeability/diffusibility equal to about 50 the line 
is nearly straight for the initial 60 per cent of the uptake; with lower values of 
the product there is an initial concavity followed by a straight part. 
The intercept of the straight part depends on the parameter (radius X 
permeability/diffusibility) while the slope of the straight part depends 
mainly, but not entirely, upon the concentration applied and on the root of the 
diffusibility so long as cohditions are fixed. When the permeability is low, the 
curve approximates to the form which a simple exponential function (1-exp 
(-kt)) would have when plotted against #4. The more important the diffusion 
is relative to the surface permeability the less well can a single exponential fit 
the combined process. The slope of the curve can be changed either by changing 
the diffusibility or by making the surface resistance vary with time. 

K Uptake—When the uptake of tracer K is plotted against #! (Fig. 2) the 
curves resemble some of the family of Fig. 1. There is an initial concave portion 


‘A resistive region is one which impedes movement of the substance without having 
the capacity to accommodate an appreciable quantity of it. 
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lasting 4 to 30 minutes (2 to 5 units of ##) followed by a straight part. When 
uptake becomes sufficient to produce some 60 per cent of the possible exchange 
(top curve of Fig. 2) there is some sign of deviation from linearity just as there 
is in the theoretical curves of Fig. 1. 





! T T T T 


FRACTIONAL EQUILIBRATION 











(ptj® 0°5 
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Fic. 1. Theoretical curves for the equilibration of a cylinder, having a resistive 
coating, with a constant concentration applied to the exterior. The radius is a, the 
diffusion constant D, and the ratio of surface permeability to internal diffusion con- 
stant is 4. The curve fork = © is the usual diffusion curve for a cylinder. Note that 
abscissae are expressed as the parameter (Di)* /a. 


The similarity, though striking, may arise in part from extraneous causes 
which have to be examined. The uptake curves were plotted using readings 
made after a 1 minute wash, except in a few special experiments. The wash will 
remove a little tracer which will make the figures slightly too low. However, 
it can be seen that in 1 minute very little K moves into the tissue, and experi- 
ment shows that in 1 minute very little moves out. Carey and Conway (3) 
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Fic. 2. Tracer potassium uptake from solutions of 2, 4, 8, and 14 mm K concen- 
tration plotted against (time in minutes)’. Temperature 20°. Na concentration 120 
mM. 
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have also observed that the exact duration of the wash does not affect K uptake 
results, which also points to the loss in washing being negligible. A more serious 
cause of departure of the uptake process from simple kinetics is the delay intro- 
duced by extracellular diffusion through the tissue space when a muscle con- 
sisting of an appreciable thickness of packed fibers is examined. The mathe- 
matics of a diffusion process preceding a penetration of a resistive layer was 
previously examined (Harris and Burn (17)) but in the present paper it is 
considered that the intracellular diffusion is so much slower than the extracellular 
diffusion that the latter is relatively unimportant in this particular example. 
However, it remains true that it takes some 10 minutes for extracellular move- 
ment of K ions to permit restoration of excitability to a sartorius first rendered 
-— 
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tracer K 
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! 
S 





(Time IN MINJO’S 


Fic. 2 A. Tracer K uptake by a toe muscle showing that the form of the curve 
resembles that found when using the sartorius muscle (Fig. 2). 


inexcitable by immersion in 20 mm K (Csapo and Wilkie (7)). Hence, with the 
sartorius, a delay of up to 10 minutes may occur before uptake into the inner- 
most cells takes place; this will contribute to the observed shift of the intercept 
of the straight part of the uptake-/' curve to the right. To exclude that extra- 
cellular diffusion is the sole source of the shift an experiment was made on a toe 
muscle (Fig. 2 A). It appears that uptake into this small muscle (mass 3 mg.) 
shows relatively as much delay before it becomes linearly related to ¢# as when 
the sartorius is used. Since extracellular equilibration of the toe muscle is 
unlikely to take more than 1 minute it can be concluded that the initial con- 
cavity of the uptake-t! curve is due to a property of the cells rather than to 
extracellular diffusion. Results obtained experimentally (Table I) have been 
fitted to the theoretical curves of Fig. 1 without attempting to apply any cor- 
rection for extracellular diffusion; presence of this source of error will tend to 
make estimates of permeability err on the low side. 
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Tracer K Output—When tracer has been introduced into muscles by exposing 
them to tracer solutions or by injection into the frog the result of subsequent 
output experiments made on isolated preparations depends upon the condi- 
tions of loading (see for example Schreiber (29)). Exposure of frog sartorii for 


TABLE I 


Constants for tracer K Uptake Determined Using U ptake-t Plots 
Uptake (ue/g) = A# —B for # greater than 5, ¢ in minutes. Intercept X A = B. 





(a) With varied external K concentration 





External K Intercept on # axis 


m.eq./liter , amt =y 
0.2 0.08 
1.0 1.12 
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4.0 (2 experiments) 
0.80 | 
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0.93 
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0.65 


(2 experiments) 
(2 experiments) 
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1.5 | 8.0 (2 experiments) 
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2. 
1. 
2. 
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3. 
4.25 
3. 





(6) With varied temperature 





External K | A at 20° 





0.95 
1.20 
(at 18°) 


| 
0.93 | 


some hours to media with 8 to 10 mm K leads to nearly complete exchange of 
the tissue K (15). This has also been shown by the examination of successive 
water extracts (20). When an equilibrated muscle is used for an output ex- 
periment the uptake of ordinary K must, in the steady state, equal the output 
measured by the tracer. Hence the amounts of tracer collected during output 
should have the same time relation as the amounts of K which enter the muscle 
in an uptake experiment. Fig. 3 shows that the form of muscle tracer-t! curves 
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both at 0° and 18° resembles that of the uptake curves; the lines do not pass through 
the origin. This latter point serves as additional evidence that the short wash 
given before each reading during uptake does not give rise to the delay before 
the onset of the straight portion. No wash is given during output experiments, 
The lines of Fig. 3 have a steeper slope than those for uptake of K under com- 
parable conditions. This can be attributed to the effect of the raised K concen- 


100 
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Fic. 3. The output of tracer K from muscles taken from a frog which had re- 
ceived an injection of tracer K on the previous day. Output was compared at 0° and 
18°, using a medium with 2 mm K. 





tration used in the loading solution. The muscles even at the end of the experi- 
ment had 110 to 120 weq. K/gm. while untreated muscles had about 90 ueq./gm. 

On account of the possibility of changing the cells’ properties by exposure 
to raised K during loading the relation between tracer output and K concen- 
tration is better studied by using muscles which have been loaded for a time in 
a tracer solution with K concentration equal to that later used during the 
output (15). Under these conditions the output does not follow a simple law 
because the degree of exchange of the tissue K is not uniform (20). It is, how- 
ever, possible to apply the superposition method as used previously with the 
exponential formulation (15) provided that an equation to fit the uptake is 
available. The linear parts of the uptake curves of Fig. 2 can be fitted by the 
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simple relation: Uptake (Q) = Att — B in which A and B are constants for 
a given experiment; the law holds for # greater than about 5 units. Then, by 
the superposition method, the amount of tracer in the tissue after loading for 
T minutes and unloading for ¢ minutes will be: Q@ = A(T + #4)! — Af} after an 
interval corresponding to the 5 units before the original relation held. Fig. 4 
shows the lines for both loading and unloading in each of two experiments. 


. i 








10 
(TIME IN MIN)O"S Uptake 


Fic. 4. Uptake of tracer K by paired muscles at two temperatures plotted against 
(time in minutes)*. At the end of the loading period in each case the tracer was allowed 
to escape to ordinary saline at the same temperature as the loading solution. The 
quantity of tracer remaining in the tissue is plotted against the value of 
(T + t)* — # in which T is the time of loading and # is the time of unloading. 


Uptake and output lines are parallel, the constant A being the same in each 
equation, while the output line passes through the origin, corresponding to 
there being no constant B in the output equation. Should conditions change, 
or the muscle deteriorate, the lines will not be parallel and may not be straight. 

It will be clear why the form of the K output curve will depend upon the 
conditions of loading of the muscle. Only with fully loaded muscles will output 
follow the same law as uptake with sign reversed. 

The Effect of Strophanthin on K Movement.—K entry into the muscle is 
slowed by strophanthin. When linear time plots were used it was not possible 
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to decide whether or not the effect was reversible. Use of the #' plots (Fig. 
5) shows that the slope of the curve will return to its original value if the drug 
is withdrawn after application at concentrations of 1 or 0.2 ug./ml. At the low 
concentrations there is a delay before the poison takes effect and the effect may 
persist for some time after withdrawal. Application of 5 ug./ml. has an im- 
mediate action. In some experiments in which 2 or 5 yg./ml. had been applied 
for 50 minutes or more, there was no recovery. Estimates of the slopes of the 
uptake curves during the action of strophanthin are collected in Table II. The 
amount taken up A over unit #! interval is reduced by a factor of between 1.5 
and 3. 
TABLE II 


Effect of Strophanthin or Digoxin on the Constani A for K Uptake 
Uptake (ue/g) = A# —B for @ greater than 5, ¢ in minutes. 





External «4s A after addition Whether uptake increased after 
; K | 4 before addition Drug Concentration in parentheses withdrawal of drug 





m.eq./ liter | 
1.0 | Not measured (0.48 (5 ug./ml.) Yes to 0.71 
1.0 | 1.12 0.53 (0.2 ug./ml.) Yes 
A 0.96 0.46 (1 ug./ml.) Yes 
i= 0.65 0.45 (5 ug./ml.) Not in 2 hrs. (treated 70 min.) 
1.5 0.65 0.19 (5 ug./ml.) Yes (treated 44 min.) 
2.0 | 1.10 85 (2 ug./ml.) No (treated 2 hrs.) 


0. 
3.0 1.56 0.62 (10 ug./ml. digoxin) No 
1 


4.0 1.75 .08 (2 pg./ml.) Yes (after 34 min. treatment, 


no after 53 min. treatment) 














When digoxin or strophanthin is applied during the course of the loss of 
tracer K from a loaded muscle the slope of the plot of quantity in the muscle 
against # or (T + 2)! — # (according to the conditions of loading) is increased. 
With lower concentrations there is a delay before the effect sets in. The slope 
becomes 1.2 to 1.4 times that holding before poisoning. An explanation of why 
uptake can become slower and output faster is given in the Discussion. As 
pointed out already the slope of the uptake line can be reduced if the surface 
resistance increases with time and it is to this that the slowing of uptake by 
strophanthin is ascribed. 

Tetrabutylammonium Ions.—During some tests of the effect of different sub- 
stances upon the action potential it was observed that substitution of 10 per 
cent of the Na of the saline mixture by the equivalent of tetrabutylammonium 
lengthened the duration. The substance has a profound effect on the electrical 
response of crustacean muscle (Fatt and Katz (12)). It was thought that there 
might be a change in the rates of ion movement even in the resting state and 
this proved to be the case. Tetrabutylammonium has a strophanthin-like action 
but the effect is more readily reversed than that of the latter substance. With 
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10 per cent substitution for Na the K uptake per unit # interval is reduced 
to 0.7 of the original value and after restoration of the normal saline A recovers 
to 1.0 to 1.1 X the original value (3 experiments). Substitution of 2 per cent of 
the Na led to an insignificant reduction of A. Output of tracer K was but 
slightly, if at all, affected. The net change in K content in 2)4 hours of treat- 
ment with 10 per cent tetrabutylammonium was (with 2 mm K) — 3.9 y.eq./gm. 
tissue (by comparison of 3 pairs of muscles). The loss calculated from the differ- 
ence (A — A’)t! with A = 1.1 (from the 2 mm results in Table I) and A’ = 
0.7 X 1.1 = 0.77 is —4.1 w.eq./gm. in 24% hours. 


TABLE II 


Effect of Digoxin and Strophanthin on the escape of Tracer K from Loaded Muscles 
The quantity collected in an interval 4-% is divided by the difference: 44 — 4, for fully 
loaded muscles (e.g. treated 10 mm tracer K overnight) or by 


(VT +h - Via) — (VT +4 - Vi) 
for muscles loaded time T in a solution of K concentration equal to that used for soak out. 
The quotient should be constant so long as the condition of the muscle remains unchanged. 
A fall of membrane potential will cause the quotient to rise. 





Value of quotient, u.eg. tracer K lost per unit t4 interval 
Poison and concentration 





Before exposure During exposure After exposure 





ug./ml. 
Digoxin 0.1 
= 02 


, , 


Be 
 - 
0.99, 
:. 





1. 
1. 
a 0. 
Strophanthin 0.1 as 


66 
.71, 0.86, : 
17,1 


| 0. : 0. 
.06, | . 9 . , Ri > 
1 





, ’ 


1.47 











The rate of output of tracer Na measured according to the method described 
previously (9) was reduced to 0.7 to 0.8 of its original value during applicatien 
of tetrabutylammonium and rose again after restoration of the normal saline. 

Tetrabutylammonium provides a further example of a substance which 
has similar effects on K uptake and Na output. Parallel tests made of tetra- 
ethylammonium showed no effect on ion movements. 

Net Changes of Cation Content.—When muscles are stored in K-free saline or 
in the 2 m.eq./liter K mixture with the addition of 4 ug./ml. strophanthin they 
gain Na and lose K. Compared with the changes taking place in control muscles 
stored in normal solution the test muscles lose about 0.63 weq. K and gain 
about 0.63 weq. Na/gm. tissue per unit interval of (¢ in minutes)! (9). The 
inevitable scatter of points obtained each from a different group of muscles 
does not provide as convincing a demonstration of the applicability of the 
tt relation as does the use of a single set of muscles to obtain a series of ob- 
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servations on the loss at different times. When a K-free solution is used, the 
amounts of K collected in successive portions of solution can be separately 
determined. Experiments made in this way provided the data for the lines 
plotted in Fig. 6. On the figure have been included the line corresponding to 
data given by Schatzmann and Witt (27) for K loss from a sartorius to K-free 
solution. The figure shows that net K losses measured from the initial K content 
of fresh muscle fit closely an equation of the form 6K = Att — B. Values of B 
are similar to those found in tracer experiments. The loss of K per unit interval 
of (tin minutes)? is 0.9 to 1.5 weq./gm. tissue. Strophanthin increases the loss, 
from 0.8 to 0.95 (using figures from Schatzmann and Witt (27)) or from 0.9 
to 1.25 (Fig. 6 B), which agrees with the observation of the acceleration of 
tracer output (Table III). The values just quoted are total losses from the 
tissue, while the figure mentioned earlier (0.63 weq./gm. per ¢*) was additional 
to such loss as takes place from a muscle to the normal saline. The time course 
of the total loss, like that of tracer K output from a uniformly loaded muscle, 
involves the use of the constant B; whereas comparative loss, being given by 
the difference between two losses, will only involve such small difference 
between the B’s as arises between paired sets of muscles. 

An attempt was made to estimate the loss to normal saline by comparing the 
mean analysis of groups of 6 muscles after storage with the analysis of 6 paired 
muscles made directly after dissection. Fig. 7 shows that the results for K loss 
can be linearly related to #4. The regression equation is: 5K = 0.5-0.46¢! (¢ in 
minutes). Na gain includes a rapid uptake of about 5 yeq./gm. and a slow 
component equivalent to K loss. The regression equation is Na = 5 + 
0.49¢4. Values of op are high (1.0) and the 95 per cent confidence limits are about 
2.8 weq. each side of the lines so it is justified to regard Na gain as equal to 
K loss + 5 weq./gm. The best lines are then 5K = —0.46 ## and 6Na = 5 + 
0.46 ##. The 5 weq. of Na which the muscles gain within 20 minutes agrees with 
Carey and Conway’s observation of a rapid gain of 7 to 8 weq. Na/gm. in a 
bicarbonate medium. Similar experiments made by Shaw and Simon (29) on 
toad muscle can be fitted by the relation 5K or 6Na = 1.2 #4. 

By combining the results for K loss to normal saline just mentioned with 
the previous data (9) for loss to K-free solution relative to the loss of 2 mm K 
solution one finds that the total K loss to K-free solution will be about 1.1 
ueq./gm. per unit interval of #. This value is close to the more precise figures 
found in the experiments of Fig. 6 A. Similarly the loss to strophanthin in 2 
ma K comes to 1.1 weq./gm. per #} interval (from Fig. 7 and (9)). The latter 
value is not far from that expected from the tracer experiments. Uptake in 2 
mM K with the drug is about 0.6 weq./gm. per # (Table II), output will be 
about 1.4 X 1.1 = 1.54 weq./gm. per # (Table ITI) so net loss expected will be 
0.94 yeq./gm. per #3. 

Values for the constant A relating K movement to /! in some of the ex- 
periments on net change of K content are collected in Table IV. 
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Fic. 6 A. The net loss of K from small muscles measured by collecting the K in portions of 
initially K-free solution. The three lines with points indicated were obtained from three differ- 
ent sets of muscles in the present work, the dotted line is replotted from figures given by Schatz. 
mann and Witt (27). 
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Fic. 6 B. The net loss of K from small muscles to portions of initially K-free solution. Over 
the interval shown 4 ug/ml. strophanthin was present. 
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Miscellaneous Data for Calculation of K Movement.—To relate K movement 
to the K concentration with due regard to the electrical forces arising from 
the internal-external potential difference, data will be needed for the internal 
K concentration of fresh muscle and for membrane potentials. 


TABLE IV 
Values of A Relating Net Movements of K to t Found in Analytical Experiments 





A 
| y.eq./gm. per t interval | Method 
} 


Solution 





K-free 0.65, 1.14, 1.55 | Direct analysis of portions of solution initially 
K-free 

Direct analysis of portions of solution initially 
K-free, from data given by Schatzmann and 
Witt (27) 

K-free 1.1 Comparisons between groups of control and test 

muscles (Fig. 7 + Edwards and Harris (9)) 

K-free + strophan-| 0.95 (0.8 before | By direct analysis of portions of solution, from 
thin strophanthin data given by Schatzmann and Witt (27) 

K-free + strophan-| 1.25 (0.9 before | By direct analysis (Fig. 6 B) 
thin strophanthin 

2mm K 0.46 Comparisons between groups of muscles stored or 

freshly dissected (Fig. 7) 

2 mm K + stro- | 1.1 Comparison between groups of muscles (Fig. 7 + 
phanthin Edwards and Harris (9)). 


K-free 0.80 


| 
| 
| 
| 
| 











To estimate the K concentration in the cell water it is necessary to know 
the K content, the extracellular space, and the proportion of dry matter in the 
tissue. Analyses of fresh muscles gave the following results: 


Muscle K content. 
peq. /gm (means of 6 + s.D.) 


Sartorius 90.8 + 6.3 
Semitendinosus 91.4 + 5.2 
Tleofibularis 84.9 + 5.2 
The dry matter after water extraction was 17.8 per cent (mean of 6). If an es- 
timate of the weight of salts extracted is made for 20 weq. NaCl and 100 yeq. 
K,HPO,, total dry matter comes to 19.1 per cent which compares with direct 
determinations of 20.0 per cent (mean of 6) for Rana temporaria and 19.2 per 
cent for Leptodactylus muscle (Harris and Martins-Ferreira (18)). Extra- 
cellular space determined with inulin or sucrose in 11 pairs of sartorii was 
19.0 ml./100 gm. (9). If the internal K concentration is calculated for 19 per 
cent dry matter, 18.4 per cent by weight (equivalent to 19 per cent by volume) 
of extracellular fluid, and 91 yeq./K/gm. tissue the result is 145.5 weq./gm. 
cell water (cf. Adrian (1) who finds 139 weq./gm. cell water). 
The resting potential of muscles after 3 to 5 hours’ storage in the 2 ma K solu- 
tion was measured. Values, the means of 10 to 12 penetrations, were 85 + 2.5, 
86 + 3.5, 89 + 5,(+ s.p.) mv. In the strophanthin solution there was deteri- 
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oration of the surface fibers, some of which had potentials of 40 to 60 mv., but 
the inner fibers had consistently the value found for the control muscles. While 
some of the K. loss seen in strophanthin must be attributed to loss from the 
outer fibers it is unlikely that these fibers alone could contribute sufficient K 
to account for the extra output. 

The Effect of Strophanthin and Tetrabutylammonium on the Resting Heat 
Production —It was thought that two agents which diminish the rates of 
uptake of K and of output of Na might act by interfering with the metabolic 
turnover of the sites which adsorb the cations. This might be reflected in a 
changed resting heat rate. Measurements of resting heat were kindly made by 
Mr. V. Howarth of the Physiology Department, University College, London, 
using the apparatus described by Howarth and Hill (21). Comparative readings 
of the rate of heat production were made at intervals when the muscle was 
exposed to normal Ringer’s solution and again after either strophanthin (2 
ug./ml.) or tetrabutylammonium (12 mm) substituted for equivalent Na was 
present in the solution. The following results were obtained. 


Relative Values of Resting Heat of Sartorius Muscles before and after Exposure to Strophanthin 
(2ug./ml.) or Tetrabutylammonium (12mm Replacing Na) 





| . 
Solution Time of exposure | Relative 
| 





per cent 
1. Normal 125 min. 100 
“ 170 “ 97 
Strophanthin 30 “ after 170 min. in normal 101 
“ 75 “ “ “ “ “ “ 96 


135 min. 100 
190 “ 
210 “ 104 
Strophanthin 15 “ after 210 min. in normal 

“ 50 “ “ “ “ “ “cc 100 


. Normal 110 min. 100 
“ 180 “* 84.5 
a. * 84.5 


Tetrabutylammonium 30 “ after 225 min. in normal 146 
“ 75 “ “ “ “ “ “ 


“ 


“ 120 “ “ “ 
“ 150 “ 


. Normal 145 min. 
“ 180 “ 
Tetrabutylammonium 30 “ after 180 min. i 
“ 65 “ “ “ “ 
“ 105 
” 195 
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Evidently strophanthin has no effect on the resting heat while tetrabutyl- 
ammonium can double it. These results provide no support for the ion move- 
ments being necessarily correlated with the metabolic process responsible for 
the heat production. 


DISCUSSION 


The principal argument for the hypothesis that the movement of K into (or 
out of) muscle depends both upon the permeability of a surface layer and on the 
internal diffusibility rests upon the resemblance between the experimental 
uptake and output results and those calculated for a combined permeation- 
diffusion process. The results cannot be fitted by a simple model with resistive 
membrane enclosing a volume in which most of the muscle K mixes with the 
normal diffusion constant. With the normal aqueous diffusion constant (1.6 
X 10-* cm.’ sec.) mixing would be very rapid, e.g. in an 80 u diameter cell 
equilibration would be 90 per cent complete in less than 1 second. From the 
upper curve of Fig. 2 it will be seen that the #! relation holds up to as high a 
fractional saturation (ca. 60 per cent) as is to be expected from the theoretical 
curves of Fig. 1. This shows that all the tissue K shares the diffusion property. 
How then is it possible to impose a low rate of mixing upon the K? It has been 
suggested (Ling (25); Shaw and Simon (29); Harris and Steinbach (20)) that 
K ions are held by adsorption on anionic sites. Movement between sites would 
not be as rapid a process as free diffusion because an ion could only move into 
an adjacent site if room was made for it; the probability of thermal agitation 
simultaneously imparting enough energy to two adjacent ions to permit their 
interchange could be very low, so that diffusion would take place slowly. If one 
imagines that the cell is filled with a matrix of adsorption sites between which 
the cations move it is possible to explain many of the observations. 

The figures in sections (a) and (0) of Table I show that the quantity of K 
moving per / interval rises as the external K concentration is increased. Passive 
diffusion of a cation at concentration ¢, into a volume held at potential —E 
with respect to the exterior will take place as if the external concentration is 
ce exp(eE/kT); this neglects the effect of interionic attraction on the activity 
but changes the “chemical” concentration to the “electrochemical” concentra- 
tion referred to the interior. Formally one could suppose that the electrical 
discontinuity existed just outside the region into which diffusion was occurring 
and that a Donnan distribution was set up such that E = kT/e In c,’/c, in 
which c,’ is the concentration just inside the discontinuity (= c.exp(eE/kT)). 
Diffusion from this raised concentration then takes place into the region. A 
steady state or equilibrium is reached when the electrochemical activities are 
equal on the two sides of the electrical discontinuity. Here it has arbitrarily 
been chosen to apply the electrical factor to the external concentration so that 
the internal concentration (of K) is unmodified by the electrical force. The 
site of the electrical discontinuity is not likely to be wholly at the membrane 
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because changes either in the nature of the adsorbing sites, or of the ions held 
on them will set up an internal potential difference. 

To apply the diffusion-permeation equation given in the appendix the up- 
take into the cell is regarded as related to c, exp(eH/kT) for K ions; that is, 
the muscle K is supposed to be within the negative region whose potential is 
measured by the microelectrode method. Uptake may vary as K, changes not 


180 \us 


Fa [k;]  Leptodactytus et 
= s. 

Vv 
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Fic. 8. The electrochemical activity of the external K (K,) referred to the interior 
of the muscle as a function of the external K concentration. The values are calculated 
from the product K, exp eE/kT in which E is the membrane potential (from Harris 
and Martins-Ferreira (18) for Leptodactylus and from Adrian (1) for Rana). The 
reduction of activity due to the Debye-Hiickel effect has not been included because 
approximately the same factor applies to both internal and external K (Adrian (1)). 
The level of internal K concentration (K;) is indicated. The amount by which this 
level exceeds the electrochemical activity of the external K is supposed to be a measure 
of the rate of net K leak from the muscle. 


only because K, and E alter but also because the lability of the adsorbing sites 
changes. Increase of external K concentration makes not only K but also Na 
more readily transferred from site to site (for acceleration of Na movement 
by K see Keynes (24); Edwards and Harris (9)). 

The increase of diffusibility of the internal K cannot be attributed solely to 
a rise of the electrochemical activity because this quantity only increases by 
about 1.5 times as the external K is made more concentrated (see Fig. 8). It is 
necessary to suppose that the diffusion constant has become higher. This could 
be the result of several factors: (a) when the cell is depolarised by adding K 
to solutions containing penetrating anions the anions enter (Boyle and Con- 





188 K IONS IN MUSCLE 


way (2)) and there will then be a possibility of cation + anion pair diffusion 
independent of intersite movement; and (6) addition of K may speed up a 
chemical process causing adsorption-desorption to go on (as suggested recently 
(9) in relation to Na movement). It at present seems necessary to invoke both 
explanations because K uptake is accelerated by raised K concentration 
whether penetrating Cl or relatively non-penetrating phosphate is present 
(Harris (15)), but the uptake is faster from the solution with Cl than from the 
one with phosphate (an example of the Cl solution causing a faster uptake 
than a sulfate solution has been given by Carey and Conway (3), Fig. 5). 

It is possible to show that the data obtained from the # plots can be used to 
relate tracer data to results of analytical experiments without going to the 
length of extracting the diffusion and permeability constants (which is done 
later). It will be convenient to use the following quantities: (a) the internal 
K concentration, assumed 140 mm (from page 184); (6) the electrochemical 
activity (u’) of the external K referred to the interior (from Fig. 8); (c) the 
slope A of the line relating uptake to ¢+ (from Tables I to ITI); (d) the factor 
(called F in the following table) by which ion movements are accelerated by 
the external K present and referred to the rate in K-free solution; the value 
is taken from the results of measurements of rate of Na output. The ratio 
Fy’'/A for tracer uptake, or F(K; — yu’)/A for a net change will be shown to 
remain constant, at about 120, under various conditions. 





Tracer uptake Net changes 





Relative | 
rate Observed A ag A 
of Na | for tracer F(K; — wv’) chanes of 
outa K uptake K content 








—_ — 140 0.65-1.15*/122-215 
1.4 136/1.1§ 124 |1.4 (140-97) |0.46]| 130 
= 60. 
24 232)/2.0§ | 116 |2 (140-116) | Not 
| | = 48 measured | 
2+stro- | 1f 71/0. 5-0.8** 142-901.4 X 140-71)1.1 tt 


phanthin | | = 125§§ | 





























* From Fig. 6 A. 

¢ From Adrian (1). 

§ From Table I. 

|| From Fig. 7. 

{ From reference 9. 

** From Table II. 

tt From reference 9 and Fig. 7. 

§§ From Tables II and III, strophanthin reduces uptake to the K-free value, but ac- 
celerates output. 
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From the curves in Fig. 8 it is possible to estimate whether a muscle with a 
given resting potential (Z) and internal K concentration (K,) will gain or lose 
K when in a certain external concentration (K,). When K, exp (eE/kT) is 
less than K; there will be a net loss; this is found in ordinary saline (Fig. 7 
and Boyle and Conway (2); Fenn and Cobb (13)). The potential is insufficient 
to maintain the internal K. This raises the question of how the muscle main- 
tains its K content im vivo. Does the structure which retains K fail in vitro be- 
cause some chemical is lacking from the medium? In this connection the ob- 
servation of Carey and Conway (3) that isolated muscles rapidly gain Na 
from artificial media but not from blood may be suggestive. Trials of potential 
metabolites (Harris (15)) showed little effect on K retention and the question 
remains unanswered. Increasing the K in the medium can lead to some gain 
of K by the tissue, but this may later be followed by a loss (Fenn and Cobb 
(13)); this could be the result of a gradual fall of the resting potential. The 
curves in Fig. 8 predict a maintenance of K; when K, = 10 to 15 mw, but this 
is only true so long as the potential is at the level which has been used to cal- 
culate p’. 

Diffusion Constants and Surface Permeabilities—These were calculated from 
the slopes and intercepts given in Table I together with the electrochemical 
activity (u’) of the external K, referred to the cell interior, taken from Fig. 8. 
Calculations were made for a cell of 40 wu radius. The method used is based on 
the simple diffusion equation for entry into an infinite extension; practical 
cases approximate to this when the degree of equilibration is low (Eggleton, 
Eggleton, and Hill (11); Hill (22)). One sets: Uptake (per unit mass) = area 
per unit mass).2.c, exp eE/kT(Djt/x)*. For a 40 yw radius fiber the area per 
unit mass of cells is close to 530 cm.” but as 18 per cent of the muscle mass is 
extracellular there will be only about 435 cm.? of surface exposed per gm. tis- 
sue. Sources of variation of the rate other than the electrochemical activity of 
the K have not been explicitly inserted in the equation. From the slopes, and 
assuming the above surface/volume ratio, the following approximate values for 
D; are obtained: K, = 2 mu D; = 0.9 X 10-™ cm? sec.“', K, = 4 mm D; = 
2X 10-™ cm? sec., K. = 8 mu D; = 4.2 X 10-™ cm? sec.-', K, = 14 mu 
D; = 10° cm.? sec.? With these values the observed intercepts on the ab- 
scissa of the linear part of the uptake curve were transformed to the quantities 
(Dt,)'/a (@ = cell radius, 0.004 cm.). By comparison with the intercepts in 
Fig. 1 estimates of the values of ak were made. Using these values, which were 
between 7 and 11, the figures for D; were corrected for the fact that the sur- 
face resistance causes some diminution in slope (for example with ak. = 8 the 
slope is about 1/1.2 of the slope for infinite permeability and so the true value 
of D; is about 1.2? times the value found from the slope). Final figures for D. 
and H; for four values of K, are given in Table V. 
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TABLE V 
Diffusion and Permeability Constants for K 





constant 
ted) 


Diffusion constant Permeability constant Permeability 
(observed) (observed) (calcula 





mM om?® sec. com. sec. om. sect 


2 1.3 X 10 3.5 X 10° 3.9 X 10% 
4 2.9 X 10% 6.5 X 10° 8.3 X 10° 
8 6.3 xX 10% inx@ 15 X 10% 
4 


1 is xX 10% 29 X 10* 235 X 10° 














The permeability has been calculated (last column) for a membrane of constant permea- 
bility (SO X 10-* cm. sec.~") in series with a region 3 yx thick through which the K ions diffuse 
with the diffusion constant appropriate to the external K concentration. 


Na output, if treated as an exponential process, has a rate constant of 1-1.5 
hr.-t However, it seems likely that in muscle the Na movement is limited by 
diffusion as well as by the membrane permeability (see Harris and Prankerd 
(19) for the argument that Na movement in the human erythrocyte involves 
slow diffusion). It has been proposed that the Na of the muscle cell is present 
in an outer region (Conway and Carey (5); Edwards and Harris (9)). If this 
is correct it has two important consequences: (a) the ion will not have so long 
a diffusion path as the K so it will exchange more rapidly and (5) the presence 
of a region containing Na through which K has to diffuse will contribute to 
the ‘“‘surface” resistance offered to K movement. Trial calculations were made 
using the hypothesis that both ions have the same diffusion constants inside 
the cell and that the resistance offered by the membrane is low, the figure 
chosen being 50 X 10-* cm. sec.—', which exceeds somewhat the highest K per- 
meability measured but corresponds to electrical resistance (about 5000 ohm 
cm.?: Katz (23)), if the simplest relation between flux and resistance is used, 
together with an effective concentration of 100 mm. If one assigns an annulus 
to hold the cellular Na at the same mean concentration as that found for total 
cation within the whole 40 yu radius cell the annulus would have thickness 3 yu 
(for Na content 15 m.eq./kg. tissue). How long would a 3 yu thickness take to 
reach half-equilibration with tracer Na if the D and membrane permeability 
were the same as K? (The membrane permeability is in fact unimportant since 
it is so high.) The time comes to about 22 minutes regarding the annulus as a 
thin sheet exposed on one side. Most experimental observations of Na move- 
ment have been plotted as exponentials. An initial non-exponential part would 
not have been been noticeable because it is obscured by the presence of a fast 
fraction, all of which has previously been assumed to be extracellular Na. To 
make comparisons it is more useful to calculate the half-time of decay of the 
exponential part of the diffusion process from the annulus. The result is close 
to 33 minutes. This time is in agreement with many measured half-times for 
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Na turnover in 2 mm K solution (Edwards and Harris (9)) and would corre- 
spond to a rate constant of 1.25 hr.-*. The increase of D as external K is in- 
creased will account for the observed acceleration of Na output when external 
K is raised. Returning to the effect of an outer Na region on K movement; 
the resistance offered by the 3 yu layer is obtained as a permeability (= 1/re- 
tance) by division of the appropriate diffusion constant by the thickness. The 
value obtained varies with K, because the diffusion constant varies. When the 
figure is added to the constant chosen for the permeability of the membrane 
itself the figures in the third column of Table V are obtained. They are close 
to experimental estimates of the K permeability as could be expected if the 
hypothesis of the outer Na layer is true because the over-all procedure of ex- 
tracting the permeability constant is inaccurate. 

It will be of interest to know the result of reducing the Na content of the 
outer region by putting the cells in solutions of reduced Na concentration. 
After soaking muscles in 30 mm NaHCO;-sucrose mixture (with 2 mm each 
KCl and CaCl.) for 2 hours, cations and extracellular spaces were measured 
(for method see reference 9). The results for the cellular Na content in m.eq./ 
kg. tissue in control and test pairs were: 21.9, 12.1; 22.3, 11.3; 25.5, 6.7; 23.5, 
9.1. Cellular Na falls to one-half to one-third of the original value, but analyses 
for K showed only small changes (see also Shaw, Simon, Johnstone, and Hol- 
man (31)) so it is likely that the Na has left the muscle along with chloride or 
phosphate or been partly replaced by Ca, for which there is some recent evi- 


dence (Harris, unpublished data). Uptake of tracer K from the normal and 
the reduced Na medium when plotted against ¢' showed no effect when the 
medium was changed so it can be concluded that the mere reduction of Na 
content has not altered the properties of the system which controls K move- 
ment. 


Some arguments which mzy be raised against the hypothesis of slow internal 
diffusion may be examined. It has been questioned whether the distribution 
of surface/volume ratios which hold in a bundle of fibers of varying sizes might 
be the origin of the anomalies seen when K movement is plotted as a logarith- 
mic process (Carey and Conway (3); Creese, Neil, and Stephenson (6)). If one 
computes the respective weighted mean of the degree of exchange attained 
at each of the two times in a system having a distributed surface/volume 
ratio as given by the latter authors (their Fig. 4), the results prove to be very 
close to the figures computed for fibers all of size equal to the group next greater 
than the most frequent value. The weighting to take account of the propor- 
tion by mass of the whole specimen tends to make the larger fibers relatively 
more important than their proportion by number. If a logarithmic relation 
between K movement and time held for each individual fiber the result would 
still be very nearly true when observing bundles having a radius variation of 
a factor of 2. According to the logarithmic law the amount moving does not 
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fall off with time as rapidly as found experimentally and as can be fitted by 
the equation for permeation-internal diffusion. 

The internal electrical resistance of the muscle fiber is only about two to 
three times the resistance of an equal column of saline solution (Katz (24)). 
Whether slow diffusion caused by ions becoming trapped on sites is necessarily 
associated with a high resistance is doubtful; the result would depend on 
whether a new ion entering the locality of a site will facilitate the movement 
of the occupying ion out of the site. Ionophoresis of K along muscle takes 
place with nearly normal mobility (Harris (16)), but this, like the low resist- 
ance, may be explicable by the electric field setting the whole pattern of ions 
moving, which can have a different energy demand to an interchange between 
ions occupying adjacent sites as must take place in the process of diffusion. 
A further possibility in muscle is that longitudinal movement is easier than 
radial movement. 

The application of the diffusion hypothesis to the red cell is described in the 
following paper (Harris and Prankerd (19)). Trials of the applicability of the 
uptake-/! relation have also been made upon K entry into frog nerve, cat 
muscle, frog heart muscle; and, using other authors’ results, to K movement in 
the squid axon. In all these examples a linear relation of the sort described in 
this paper has been found. In addition the relation proves to fit observations 
of the uptake of tracer Ca by frog muscle. The argument used to justify the 
diffusion hypothesis in the present paper is based on fitting the kinetics of ion 
movement and may be dismissed as fortuitous. However, other authors (Ling 
(25); Shaw, Simon, and Johnstone (30); Shaw, Simon, Johnstone, and Hol- 
man (31)) on quite other grounds have been led to reject the simple membrane 
theory and both Ling and Shaw and Simon (29) have proposed that the cations 
are held by adsorption. The possibility of a Na-rich region surrounding a 
K-rich region gives the possibility of variation of Na/K ratio in the cell without 
there necessarily being changes of resting potential or active membrane po- 
tential; Shaw ef al. (30) have shown that there is no correlation between the ionic 
composition and the potentials. The measured resting potential will be the 
sum of a Donnan potential set up between the solution and the Na-rich region 
and a diffusion potential between Na-rich and K-rich regions. While the 
values should not depend upon the thickness of the Na region the rate of change 
of potential arising from ion movement will reflect the resistance met. Loss 
of K from the cell will be more difficult when the Na region is thicker and so 
recovery of internal negativity after a displacement will be slower for the high 
Na muscle than in the normal, as found by Desmedt (8). 

If the part of the structure within the cell which forms the K-rich region is 
regarded as inpenetrable by Na ions as long as the sites maintain their integ- 
rity, the magnitude of the diffusion potential between the K-rich region and 
the Na-rich region will be given by RT/F In K;/K,’ in which K; and K,’ are 
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the K concentrations holding in the two regions. Since the amount of potas- 
sium in the Na-rich region will depend upon both the external K concentra- 
tion and on the amount of leak from the K-rich region, it follows that the 
contribution to the resting potential made by the diffusion potential will not 
depend simply upon external K concentration. It would be expected that at 
high external K levels sufficient K enters the Na-rich region to swamp the 
effect of the leak so the potential will then vary as In K;/K,; as K, is reduced 
the amount provided by the outward leak becomes more important and sets 
an upper value to the contribution of the diffusion potential to the total 
resting potential. 

The results of the application of strophanthin or tetrabutylammonium on 
the ion movements and on the restin:, metabolism do not support the idea of 
a metabolically activated “pump” for the ions. Other authors (Ling (25); 
Shaw and Simon (29)) have also pointed to the divergence between the ability 
of the cell to maintain an unbalance ot Na and K between inside and outside 
and the metabolism. It seems likely that the agents affect ion movement by 
making the relative proportions of the Na-rich region and the K-rich region 
change with time. A gradual expansion of the Na region caused by poisoning 
will make it increasingly difficult for K ions to reach the inner K-rich region 
so (a) K uptake will be slower than into the unpoisoned muscle. At the same 
time Na entering the poisoned muscle will displace K instead of moving out 
so (b) Na output will be reduced, (c) K output can be accelerated, (d) net Na 
gain will be equal to net K loss. (6 and d were described by Edwards and Har- 
ris (9); c is shown by Table ITI.) 
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periments and Dr. C. Edwards for help with the tetrabutylammonium experiments. 
Part of the expenses were met from a grant from the Government Grants Committee 
of the Royal Society. A Medical Research Council grant for scientific assistance was 
received during part of the work. 


APPENDIX 


The Time Course of Equilibration by Diffusion of a Cylinder Having 
a Resistive Coating 


When diffusion takes place into a cylinder of radius a and with a resistive coating 
of permeability (H) enclosing the interior in which the diffusion constant is D, it 
can be shown from the appropriate solution of the diffusion equation (for which see 
¢.g. Carslaw and Jaeger (4), p. 275) that the mean internal concentration C; at time 
tis related to D and H by: 


On Jah exp (—Dp,'#) 
r= hg atVis 
ae) ™ 
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in which pu, pz. . are the roots of pJi (op) = ahJo (p), and h = H/D. The function has 
been plotted in Fig. 1 for unit C, and variable parameters ah and (D#)*/a. When 
permeability is so low that internal diffusion no longer sets a limit to the rate of move. 
ment, the equation reduces to 


C 


* = 1 — exp (—2Dht/a) = 1 — exp (—2H¢t/a) 


which is the usual “permeability”’-limited uptake equation. 

Inspection of the curves will show that when there is an appreciable surface re- 
sistance there is a portion which is nearly straight. The slope of the straight part 
gives an approximate measure of the diffusion constant which is made to appear too 
low as a result of the surface resistance. The position of the intercept of the straight 
part of the curve gives a measure of the surface permeability /diffusion constant ratio, 
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ABSTRACT 


The kinetics of movement of tracer Na into human and dog red cells have been 
studied. The time courses of these processes and of K transfer were compared with 
the theoretical time course for saturation of a flat sheet having a resistive surface. 
The theoretical and the experimental curves when plotted againt ¢* have a consider- 
able portion which is linear; on the basis of this resemblance the results are inter- 
preted in terms of a permeability constant and an internal diffusion constant. It is 
supposed that selective adsorption acts to bring about concentration of K in the 
human cell and that the bulk of the Na of that cell is present in a thin outer region, 
while the K is in the interior. The action of strophanthin is to remove the usual 
limit to the Na capacity of the cell and it is proposed that the Na region increases in 
thickness at the expense of the K region. Omission of K from the medium has a simi- 
lar result. Na uptake into poisoned cells measured either with tracer or as a net gain 
has a linear dependence upon # after a delay. The permeability of the dog cell to 
Na is reduced when K is added to the medium; this may be due to the formation of 
an outer K-rich region which imposes a resistance to Na movement. 





The movement of K into and from muscle has recently been shown to con- 
form kinetically with the idea that the ion is impeded by slow intracellular 
diffusion as well as by the resistance offered by the cell membrane (Harris (10)). 

The purpose of the present paper is to examine data for cation movement into 
the erythrocytes of two species (man and dog) to see whether a combination of 
slow internal diffusion with surface resistance may not provide a better inter- 
pretation of the results obtained than a single permeability barrier. Most 
previous works on the cation movements have been analysed in terms of mem- 
brane permeability; Ponder (19), however, has criticised this neglect of the 
interior, which in the red cell shows evidence of being an orderly structure. 
When the resistance to movement through a membrane is so high that there is 
time for nearly complete diffusion mixing of the cell contents at all times, then 
uptake or loss will follow a first order law; that is, a rising or falling exponential 
function of time. More detailed investigation with tracers has, however, re- 
vealed that the cations of human and some other cells behave as if they were 
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not all equally readily exchanged; it has been necessary to suppose that there 
is a small labile fraction of Na (Clarkson and Maizels (4)) and of K (Solomon 
and Gold (25)) differing in accessibility from the main fraction. Ponder (18), 
studying net K loss, found that two exponential terms were required to fit the 
results, and proposed that two components are present. In addition to the 
anomalies of K movement part of the Na scarcely exchanges with tracer ions 
at all (Gold and Solomon (8)). This division of the total cation content into 
fractions has received no satisfactory interpretation; it is suggested in this 
paper that the “fast” and “slow” fractions of a given ion are not present in 
separate compartments but are a consequence of diffusive movement. A diffu- 
sion process has a time course which resembles that of two or more first order 
processes going on together and which is kinetically equivalent to a number of 
permeability-limited processes operating in series. 

To explain very slowly exchanging fractions it is possible to envisage a system 
having a small proportion of the diffusing substance situated deeper in the cell 
than is the main bulk of it. The diffusion time depends upon the square of a 
distance so the equilibration time of the deeper lying material can become long 
compared with that of the superficial material. 

Experimental results for the movement of Na and K into human cells, Na 
into dog cells, and other authors’ results for K movement, are compared with 
the theoretical curves for diffusion through a resistive coating into a flat sheet. 


The latter is the most appropriate simple geometrical shape to use for com- 
parison with discoidal cells. 


Methods 


Tracer Na Uptake.—Uptake of tracer Na by the cells was followed in mixtures of 
blood (4.5 ml.) + saline mixture (described below) 7.5 ml. + 150 mm tracer NaCl- 
NaHCO; mixture 2 ml. The tracer mixture was prepared by 75 per cent neutralising 
irradiated Na,CO; with HCl. The saline mixture had the following composition: 


Substance Concentration of stock Volume used 
mM mil. 


NaCl 150 70 
NaHCO; 150 

KCl 150 

CaCh 100 

MgCh 100 

Na2HPO, 100 

Glucose — .5 gm. 


The mixture was kept agitated by introduction of a stream of 95 per cent O; + 
5 per cent CO,. 

Immediately after the introduction of the tracer Na into the mixture a 1 ml. sample 
of the cell suspension was withdrawn into a syringe pipette and injected into 8 mi. 
of cold wash solution in a calibrated centrifuge tube and spun at up to 4500 g for 
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15 minutes. It is estimated that less than 3 minutes elapsed between injecting the 
sample into the wash fluid and repacking. The centrifuge tube was of special form 
in that it had a wide upper part of capacity 10 ml. and a lower calibrated capillary 
portion to take 0.15 ml. After spinning, the packed cell volume was read off, the 
supernatant fluid was poured off, and the fluid in the top of the capillary was removed 
by a Pasteur pipette; the glass was wiped with dry filter paper and washed with water, 
which causes inappreciable haemolysis of the packed cells because of the protecting 
buffy coat. After redrying, 3 ml. of water was added from a Pasteur pipette with the 
tip pushed down to the lowest part of the calibrated part of the tube. This haemolyses 
the cells; the haemolysate was used for assay of the radioactivity and for cation 
analysis in a flame photometer. Samples were withdrawn at intervals and similarly 
treated. The radioactivity measurements were made using portions of haemolysate 
in a chamber mounted under an end-window counter. Dilutions of the haemolysates 
were used directly in a flame photometer to obtain Na and K analyses. 

The relative haemoglobin in the samples was, estimated colourimetrically after 
conversion to the cyano derivative (King and Gilchrist (16)). This estimation per- 
mitted the cation contents to be calculated for a constant number of cells equal to 
the number in a selected reference sample. 


RESULTS 


Before presenting the numerical data it will be helpful to examine plots of 
the function relating the quantity of material which has diffused into a sheet 
having a resistive coating! with ¢ (Fig. 1). The diffusion process is linearly re- 
lated to ¢} for a portion of the total time or degree of equilibration. As the sur- 
face resistance rises (7.e. the permeability falls), the intercept of the linear 
part of the curve with the #! axis moves to the right. For a given internal diffu- 
sion constant the slope of the linear part becomes less as permeability diminishes 
but is less sensitive to permeability than is the position of the intercept. The 
function which has been plotted in Fig. 1 is given in the Appendix. 

Entry of Na into Human Cells.—The rise of tracer Na content when the cells 
from the blood of a particular donor are incubated at 38°C. with tracer Na is 
plotted against ¢# in Fig. 2. The contents are calculated for a constant number 
of cells using the haemoglobin as measured, the volume change was only about 
+3 per cent. 

There are two sources of error: (a) there will be 2 to 3 per cent of fluid trapped 
in the packed cells (Jackson and Nutt (15)). This fluid is part of the mixture 
made in the centrifuge tube of 8 ml. wash fluid and the (about) 0.85 ml. of ac- 
tive solution present in a 1 ml. sample of cell suspension. It will contribute 0.3 
to0.4m.eq tracer Na/1. of cells. The other factor (6) is the loss of tracer caused 
by the suspension for a few minutes of the cells in the mixture of wash fluid with 
active solution. If loss took place for 3 minutes at 38°C. toan entirely tracer-free 


‘A resistive region is one which impedes movement without having the capacity 
to contain an appreciable quantity of the substance which is moving. 
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solution it would probably amount to between 0.7 and 1 m.eq./liter cells. The 
loss to a cold solution which contains a proportion of tracer will be less than this; 
measurement of the tracer Na loss from cells to a sucrose-K Cl medium in which 
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Fic. 1. Curves of the time course of the saturation by diffusion of a volume bounded 
by parallel planes having a resistive coating. The ratio of the permeability H of the 
coating to the diffusion constant (D) is 4. The thickness of the sheet is 2 a and it is 
exposed on each side. Note that the abscissa parameter is (Di) /a. 


they were briefly resuspended gave a value of 0.4 m.eq./liter cells. Accordingly 
we have not applied any correction to the uptake figures; the contribution made 
by the trapped fluid is regarded as roughly equal to the loss caused by the 
exposure to the diluted medium. The uptake found in a minimal time of ex- 
posure to the tracer solution was about 0.8 m.eq./liter cells. Only about a half 
of this can be attributed to the trapped solution mentioned above and the 
origin of the remaining 0.4 m.eq. still has to be sought. 
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Fic. 2. Curve A, experimental results for tracer Na uptake into the erythrocytes 
of a particular donor (T. A. J. P.) at 38°. The differently marked points distinguish 
Tuns made on different dates. Curve B, the same cells in the presence of 7 ug./ml. 
digoxin. The points at f = 0 are for cells withdrawn just after adding the tracer. 
The cell suspension was diluted with 8 volumes of saline before spinning off the cells; 
no corrections for trapped solution or for loss to the dilute medium were applied 
see text). 
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The experimental curves, of which Fig. 2 is an example, have a linear portion 
of which the intercept with the # axis is to the right of the origin. The slope of 
the linear portion in Fig. 2 A is 0.64 m.eq. Na per (time in minutes)!, and the 
intercept is at 2.3 units of #4. In a similar experiment made using cells from 
another donor’s blood the slope was 0.95-0.88 (2 experiments) m.eq./liter cells 
per unit / interval and the intercept was also at 2.3 units of é. The results in 
Fig. 2 are in fair quantitative agreement with those previously found by the 
method of following the tracer output from cells which had previously been 
loaded for 2 hours as described by Harris and Prankerd (13). Calculated quan- 
tities of tracer Na in the cells assuming a 1 m.eq./liter cell fast fraction (Clarkson 
and Maizels (4)) plus 10 m.eq./liter with exponential exchange rate 0.3 hr-! 
(Harris and Prankerd (13)) i.c.Q = 1+ 10(1 — exp — 0.3#), agree to within 
0.4 m.eq. with curve A (Fig. 2). 

Comparisons of other output experiments having varied conditions of loading 
show that differences in behaviour arise which can be explained on the basis of 
internal mixing not being rapid. These experiments are described under Tracer 
output. 

Although there is a striking similarity between uptake of Na into the erythro- 
cyte and diffusion into a sheet with resistive coating the diffusion model does 
not explain why Na uptake is limited in the metabolising cell to 10 to 12 
m.eq./liter. The limitation disappears when the cells are poisoned or when 
metabolism is reduced by cooling or omission of metabolite; in all these con- 
ditions cell Na seems to rise towards the limit expected for a Donnan distribu- 
tion (Harris and Maizels (12)). When strophanthin or digoxin is added to a 
suspension of cells the outward movement of Na and the uptake of K are 
inhibited (Schatzmann (22)). On the other hand, experiment shows that tracer 
Na uptake in the first 2 hours follows a line a little steeper than that for normal 
cells (compare curve B with curve A (Fig. 2), the slopes are respectively 0.64 
and 0.88). Later, however, the curves differ, and Na continues to enter the 
poisoned cells with the linear dependence on #+. The same difference was found 
when cells from another donor were compared with and without the poison 
(slopes unpoisoned: 0.95, 0.88; poisoned 10ug./ml. strophanthin: 1.03, 1.05). 
How is one to interpret the small influence of the poison on the slope for the 
initial 2 hours? If the capacity of the cell for Na had been increased without 
any change in the spatial distribution of the ion a diffusion process would have 
been accelerated in the same ratio (in heat transfer the change corresponds to 
an increased specific heat). A model which has the desired properties consists 
ofa thin Na-rich outer region enclosing an inner K-rich region. In the normal 
cell tracer Na will enter the Na region and fill it, by replacement of ordinary 
Na, in a few hours. Poisoning leads to loss of K equivalent to net Na gain. It 
is proposed that poisoning causes the Na region to grow at the expense of the 
K region so that, instead of reaching an inner boundary as in the normal cell, 
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the Na can continue to move into the poisoned cell with an equivalent dis- 
placement of K. Inward movement of Na is accelerated when K uptake has 
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Fic. 3. The uptake of tracer Na in the presence of 3.6 to 3.8 mm K (open circles) 
and in the presence of 0.2 to 0.3 ma K (half-filled circles). 


been slowed either by poisoning as already described, or by reduction of the 
K concentration in the external medium (Fig. 3). This observation accords with 
the idea of there being a limited number of lines along which cation diffusion 
takes place by a process of site to site transfer so that if K ions are not present 
on the sites there is more capacity available for Na. It will be noted that re- 
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duction of external K not only accelerates Na intake but also increases the 
capacity of the cell for Na. 

It is not suggested that the respective Na-rich and K-rich regions are com- 
pletely free from K and Na; indeed the presence of 1 to 2 m.eq. Na in the 
inner K-rich region would account for the “inexchangeable” or very slowly 
exchanging fraction which has been described (Sheppard, Martin, and Bey| 
(24); Gold and Solomon (8)). If, for example, 10 m.eq./liter Na in the cells 
were confined in a layer making up 5 per cent (on each side) of the cell thickness, 
and 1 to 2 m.eq. were distributed across the remaining 90 per cent, the time for 
equilibration of the latter by diffusion would be 100 times that of the former. 

Output of Tracer Na from Human Cells.—It has previously been observed 
that the output of tracer Na from loaded cells fails to follow the first order 
(exponential) law if the readings are taken over a sufficiently long time (e.y. 
Harris and Maizels (11), Fig. 4); this was formerly attributed to deterioration 
of the cells. The same explanation was suggested for the slower output seen when 
the cells had been loaded with the tracer for longer times (Harris and Prankerd 
(13)). However, the findings can be explained if short loading leads to the 
cells having a gradient of degree of exchange across their half-thickness. Out- 
ward diffusion of the tracer from briefly loaded cells having most of the ex- 
changed Na nearest the exterior will take place faster than diffusion from cells 
in which the tracer has penetrated more deeply; this consideration applies to 
both the Na-rich region and to such Na as is in the K-rich region. 

Tracer output from cells which have been loaded for unequal times can 
readily be compared so long as the loading times lie in the linear range of the 
4 curve. Within this range the content after loading for time T can be written 
Q = AT! — B. If the cells are exposed to tracer-free solution for time ¢ the 
superposition theorem can be applied (so long as (J + 4)! — #4 is greater than 
the intercept of the linear part of the uptake curve with the abscissa). Using 
the theorem the content will be Q = A((T + #)' — #), that is, the content if 
plotted against (T + #)* — # will lie on a line of slope equal to that for uptake 
and passing through the origin. Fig. 4 shows an experiment in which the cells 
were loaded either for 70 or 158 minutes; washing out of the tracer was then 
started and readings were taken of the contents at various times of washing. 
The figure shows that the two times of loading give consistent results when 
treated in this way. One may ask what is the result if loading is continued 
for so long that uptake has eventually ceased. Tracer output from these cells 
to a tracer-free solution, always provided a steady Na content is maintained, 
should be equal to the uptake of ordinary Na. The amounts of tracer leaving 
the cells should then give a curve like Fig. 2 A when plotted against #4. 

Tracer Uptake When a Net Na Loss Is in Progress.—The effect of inducing 
net Na gain by strophanthin during tracer uptake has been mentioned. The 
increase of the slope of the uptake-/! line was attributed to the effect of K loss 
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from the outer Na-rich region rather than to the effect of the inward stream. 
If a net loss of Na from the cells is caused during uptake the entry of tracer 
Na would be slowed down if such mutual interaction took place, whereas in the 
absence of interaction the inward diffusion would be determined solely by the 
external concentration. Three experiments were performed with substitution of 
isosmotic sucrose for part of the Na salts in the medium. After spinning off, 


75. 


5 


TRACER No 
m.eqiv/t. 


25 





wil 





N 
Ss ve) 
& it 


(T+t) 

Fic. 4. The output of tracer Na from cells which have been loaded for two different 

times. Points (open circles) are for cells loaded 70 minutes and points (half-filled 

circles) for cells loaded 158 minutes. The quantities are plotted against the difference: 

(time of loading + time of output)"* — (time of output)*® so increasing time of output 

moves the points to the left. The first (open circle) point plotted is for 40 minute 
output and the first (half-filled circle) point plotted is for 32 minute output. 


the cells were resuspended in sucrose (9 volumes) + CaCl, (1 volume, 0.1 m) 
mixture and repacked. Immersion in the reduced Na solution causes a loss 
of Na from the cells of which the major part is over in 120 min. (¢# = 11). 
Tracer uptake during this time gave curves against ¢! with the slope of their 
linear parts reduced in proportion to the reduction of Na concentration. There 
was no evidence that uptake was accelerated after the net change was largely 
complete. In Fig. 5 the curves for Na concentrations 19.5, 41, and 78 m.eq./liter 
have slopes of 0.1, 0.2, and 0.37 m.eq./liter cells per ¢# compared with the 
slope in 140 to 150 m.eq. Na/liter of 0.64 to 0.95 (depending on the source of 
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the cells). The value of the intercept of the linear part is the same in low Na 
solutions as in the normal saline. The figures for cell Na content are shown on 
the curve. 

Analytical Experiment.—The data so far presented were obtained from tracer 
measurements. It is, however, possible to show that net changes of Na content 
take place according to the diffusion law which has been discussed. The net 
uptake of Na which takes place when cells are poisoned with digoxin (5 ug./ml.) 
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Fic. 5. Uptake of tracer Na by human red cells from media with 19.5 m.eq. /lite 
Na, 41 m.eq./liter Na, and 78 m.eq./liter Na. Temperature 38°C. The solutions had 
6 m.eq./liter K, and sucrose was used to maintain tonicity. The figures are the values 
of cell Na content in milliequivalents per liter of cells: note that most of the net change 


of Na content takes place in the first 11 units of (time in minutes)*5, this corresponds 
to 2 hours. 


is plotted against /' in Fig. 6. After a delay of about 30 minutes the net gain 
is close to 1 m.eq. Na/liter cells per unit ¢*. As this figure is close to the tracer 
uptake (Fig. 2, curve B) into poisoned cells it appears that output of Na has 
ceased in agreement with Schatzmann’s (22) result. 

Tracer K Uptake by Human Cells ——Uptake of tracer K by human cells was 
measured in one experiment. The procedure described for Na was modified be- 
cause the low concentration (4.4 mm) of K applied in the solution made it 
unnecessary to give the cells a wash. Tracer present in the trapped fluid will 
account for about 0.1 m.eq./liter of the measured tracer content. Values found 
for uptake from a relatively large volume of fluid have been plotted in Fig. 7, 
curve A. The proportion by volume of cells in the fluid was 1.1 per cent; the 
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maximum exchange reached corresponds to about one-seventh of the cell K 
and one-thirtieth of the tracer present originally in the suspension medium, 
hence diminution of tracer concentration in the medium can be neglected in 
this experiment. 

Published data for K uptake by suspensions of cells in plasma, when the 
haemotocrit reading was some 45 per cent cannot be compared directly with 
the above result because the plasma tracer concentration falls so much during 
the movement of tracer into the cells. However, it is possible to make a rough 
allowance for the changing plasma tracer level by using a step-by-step calcula- 
tion of successive uptakes; the increments of tracer in the cells were divided by 
the mean specific activity of the plasma K during the respective intervals. 
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Fic. 6. Na content of human cells after the addition of 5 wg./ml. digoxin at? = 0 
The cells were being incubated with glucose at 38°C. 


Applying this to the figures of Sheppard and Martin (23) the uptake values 
plotted in curve B (Fig. 7) were obtained. The values are estimates of uptake 
which would have occurred if plasma tracer K level had been constant. 

The linear parts of A and B have slopes of 0.9 and 0.6 m.eq. K per liter cells 
per (t in minutes)! and the intercepts are at 5.6 and 4.2 units of ¢# respectively. 
The difference may be attributed in part to the variation between individual 
samples and perhaps in part to the difference between saline solution (curve A) 
and plasma (curve B). The intercept values are considerably more than those 
found for Na movement; by comparison with the curves of Fig. 1 this would 
correspond to the permeability to K being less than the permeability to Na. 

Tracer K Output from Human Cells—Solomon and Gold (25) described 
the output of tracer K from cells which had first been loaded with tracer for 
0.5 to 3 hours. When such cells are put in contact with fresh, tracer-free, plasma 











10 


(TIME iN MiNnyo’s 


Fic. 7. Uptakeof tracer K by human cells at 38°C. Curve B with points (open circles) 
from data derived from Sheppard and Martin (23) which have been recalculated to 
values holding for constant tracer concentration in the plasma. Curve A with points 
(half-filled circles) from an experiment made with a dilute saline suspension of cells 
so that no correction for changing plasma tracer concentration was necessary. Ac- 
cording to the intercepts (marked on the abscissa scale) the cells in dilute saline 
suspension have a lower permeability than the cells in plasma. 
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there is sufficient movement of tracer from the cells to the plasma to bring the 
specific activity of the plasma K above the mean value that the specific activity 
had attained in the cells during loading. This shows that a portion of the cell 
K had a specific activity higher than the mean value. Later in the experiments 
there was a redistribution of tracer, some moved back into the cells causing a 
fall of plasma specific activity, and finally cell tracer became equilibrated 
between cell K and plasma K. There is an early maximum of plasma specific 
activity in 1 to 2 hours. Solomon and Gold (25) interpreted the results in terms 
of two separate cellular compartments holding K so that different exchange 
rates applied. However, the same phenomena would be observed if the cell K 
were only slowly mixed by internal diffusion. This can be shown by applying 
the uptake data from Fig. 7 (curve B was used). 

If cell K is constant during a period of loading and unloading the movement 
of tracer outwards during the unloading must be the same as in the inward 
movement of the ordinary K with which it is exchanging. In turn this must 
follow the same law as tracer uptake. The amounts of tracer which would escape 
from cells which have been loaded for various times have been calculated 
below. The values are the milliequivalents of tracer K per liter of cells which 
would escape in successive 1 hour intervals, together with the values of the 


mean specific activity of the cell K at the end of loading (cell K content taken 
as 100 m.eq./liter). 





Time of loading, Ars. 1 2 
Mean cell specific activity, 


2.1 4.1 


Tracer K lost from cells during output, m.eq./liter. cells 








0-1 hr. 0.42 0.96 
1-2 hrs. 0.54 0.75 
2-3 hrs. 0.21 0.33 
3-4 hrs. 0.12 0.24 











If we now remember that in the mixture of cells and plasma used by Solomon 
and Gold there was 1 ml. cells mixed with 1.3 ml. plasma having only about 
5.7 4.eq. K then (in absence of any return flow) the amount of tracer escaping 
from the cells in the 1st hour would suffice to bring the plasma specific activity 
up to between 8 and 20 per cent. To allow approximately for the return flow 
ina 1 hour period one can use the mean plasma tracer level (say M) to find Q 
(return) = 0.6 X 7.7 X M/S5.7 (because 0.6 m.eq. move per unit ¢# in minutes, 
(60)! = 7.7 and the mean proportion of tracer in the plasma is M/5.7). The 
return movement of tracer makes the actual amounts of tracer present after 
| hour close to 70 per cent of the respective figures tabulated for 0 to 1 hour; 
namely, 0.30, 0.68, and 0.85 m.eq./liter cells. These quantities are enough to 
raise the plasma specific activity to 5, 11, and 13 per cent respectively, that is 
ineach case to about twice the mean cell specific activity at the end of loading. 
Thereafter plasma radioactivity will only continue to rise so long as the return 
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flow of tracer is less than the tracer output from the cells. At 1 hour, back flow 
rates will be about 0.24, 0.56, and 0.69 m.eq./liter cells so they have not far to 
go before becoming equa! to the output rates (compare with outputs tabulated 
for 2 to 3 hours). At this stage in the experiment the tracer is in a pseudosteady 
state as Solomon and Gold found. Subsequently the averaging out of the tracer 
within the cell can make the output fall further and tracer moves into the cells 
from the plasma (cf. Fig. 1 of Solomon and Gold (25)). 

From the above it seemed that the behaviour of both Na and K in the human 
red cell can be explained by assuming a slow internal diffusion, with in addi- 
tion a resistance at the surface. It was thought interesting to investigate dog 
erythrocytes on account of their different ionic composition. 

Na Uptake by Dog Erythrocytes—The uptake was measured by a technique 
similar to that applied to human cells. It was found that dog cells haemolyse 
rapidly in the ordinary medium (described under Methods), but addition of 
5 um/ml. adenosine reduced haemolysis so that this addition was made in all 
cases. Other authors have remarked on the fragility of the cells even in nearly 
pure plasma (Sheppard, Martin, and Beyl (24)). Adenosine may act by im- 
proving the maintenance of the metabolism (Prankerd and Altman (20)). 

Uptake of Na by dog cells at 38° is shown in Fig. 8. Uptake is plotted against 
tt. The line is fitted by Q = 2.5 #4, Q being in m.eq./liter cells and ¢ in minutes. 

Dog cells have an Na content of 120 to 130 m.eq./liter so the maximum 
exchange attained in the experiments is less than would have made the curve 
perceptibly non-linear if diffusion were the limiting factor (cf. Fig. 1). 

The Effect of K Concentration on Na U ptake by Dog Cells —When part of the 
Na of the medium is substituted by equivalent K the uptake of tracer Na 
by the dog cells follows a changed time course. Fig. 9 illustrates experiments 
made in media with three different K concentrations. In raised K media there 
is a delay before uptake is linearly related to #3, just as for Na entry into human 
cells. Addition of K to the medium causes some loss of Na from the cells and 
a gain of K; there is some haemolysis. In the experiments of Fig. 9 the additional 
K had been added 30 minutes (to the 13 mm) or 60 minutes (to the 62 mm) 
before starting the tracer uptake. If the extra K is added during Na uptake it 
causes a temporary cessation of inward tracer movement (branch at A, Fig. 8); 
there is a substitution of K for part of the cell Na. The effect of the added K 
on Na movement can be explained if one supposes that the K gained by the 
cell forms a resistive outer layer so as to impede inward Na movement as will 
be shown in the Discussion. 

K Uptake by Dog Erythrocytes.—Sheppard, Martin, and Beyl (24) and Fra- 
zier et al. (7) have given figures for the uptake of tracer K by dog cells from 
which the leucocytes had been removed. The former authors’ data if plotted 
against ¢# can be fitted by: Q = 0.02 # with Q in m.eq./liter cells and time in 
minutes; external K was 4 ma. The points are scattered so it is not justified 
to place much dependence on the value. However, it is interesting that the 
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slope is less than that for K entry into human cells by a ratio approximating 
the ratio of dog cell K content to human cell K content. Hence the half-times 
for equilibration and the diffusion constants will be similar. 

sOf— Nal34 


Os Kos 


m. equiv./ |. 


2 
oO 





! | J 
10 1s 20 
(rime in min) 2° 
Fic. 8. Uptake of tracer Na by dog erythrocytes at 38°C. With external K = 4.5 
mM points are from three experiments, two on one batch of cells and the third on a 
different batch. At A the medium surrounding the cells in one of the runs was modified 
by adding an equal volume of 0.15 m KCl; subsequent points are shown (half-filled 
circles). Cell Na and K contents in m.eq./liter are also shown. 





The Lack of Influence of Digoxin on Cell Phosphate Esters and on Phospho- 
lipide Synthesis—Further information about the mechanism of action of 
digoxin was sought by simultaneous analyses of cell phosphate esters and phos- 
pholipides extracted after the addition of P®-orthophosphate and digoxin 
with subsequent incubation. Phosphate esters were separated and analysed by 
methods described by Prankerd and Altman (20), and their specific activities 
estimated. No difference was found between normal and digoxin-treated (5 
ug./ml.) cells after 2 and 4 hours’ incubation. 
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Ethanol-ether extracts of whole cells and plasma were also prepared after 
16 hours’ incubation. These were hydrolysed and the water-soluble phosphate 
esters chromatographed in the manner described by Dawson (5). Relative 

40 — 


TRACER No 
m equiv. /). 


20 


Upper Curves 
Lower Curve | 


20 








(TIME IN MINPS 


Fic. 9. Uptake of tracer Na by dog erythrocytes at 38°C. compared in media 
of different K concentration. Cell Na and K contents in m.eq./liter are also shown. 


specific activities (R.sA.) of total extracted phospholipides and their components 
are shown below. 





| Digoxin (5 yg./ml.) Control 





P, ug./mi. 
cells 


P, ng,/ml. R.S.A., 





Total cell phospholipides. . . ; 115 70.8 106 
Total plasma phospholipides , 50 9.6 57.5 


Individual cell phos pholipides 
Phosphatidy! choline... . . 
- serine .... 
m ethanolamine. 
Diphosphoinositide 
Phosphatidic acid 
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DISCUSSION 


Relation between Na and K Movements.—It was previously proposed (Harris 
(9)) that the active parts of K movement into the cell and of Na movement out 
of the cell were linked. In the picture of the cell as consisting of a matrix of 
adsorption sites which can accept either cation there will be no rigid linkage of 
the absolute movements. Net movements, being largely an equivalent for 
equivalent interchange of the two ions on the sites, should be nearly equal, 
as is found. The rate at which cell Na is replaced by exchange with external Na 
may be more rapid than the corresponding exchange of K simply because the 
Na is nearer the surface than is the K. If, in the human cell, the intersite diffu- 
sion of K inwards was slightly easier than that of Na, then the nature of the 
ions on the outer sites would reflect the composition of the medium whereas the 
inner sites would all tend to be occupied by K ions. Addition of strophanthin 
(or omission of metabolite) would then have its action by removing the bias 
which normally favours K inward movement. In the dog cell the normal cation 
content seems to reflect the action of a small Donnan effect upon the ionic com- 
position of the medium. It is unnecessary to postulate a mechanism favouring 
K movement but the effect of adding K to the medium is to cause a displace- 
ment of a part of the Na with replacement by K. Such displacement would 
take place at the outside of the matrix first and would create a region which 
might reasonably have an added resistance to Na movement. 

Diffusion Constants and Surface Permeability—tTo calculate the diffusion 
(D) and permeability constants (H#) corresponding to the observed movements 
of cations into human and dog cells there are two methods which can be used. 
(1) The slope of the linear part of the uptake plotted against # is used to find 
an approximate figure for D from the relation: Uptake per unit volume = 2 
A.C,(Dt/x)* in which A is the area presented for diffusion per unit volume. 
(2) The relation between the half-time of saturation of a sheet through its two 
sides with D, and the half-thickness (a) is used. For the half-time, 4, the rela- 
tion Dy/a? = 0.196 holds. The half-time of saturation is calculated from the 
slope of the experimental line relating uptake to ¢# because the delay before the 
linear relation holds is regarded as being caused by the surface resistance. 
From the approximate value of D the observed intercept on the # axis (#) 
is converted to (Dt;)#/a, and by comparison with Fig. 1 a value for ah is esti- 
mated (4 = H/D). The value is used to find H and to apply a correction to 
the approximate D to allow for the reduction of slope caused by the surface 
resistance (which may be seen in the curves of Fig. 1). 

Before either procedure is used one must know more about the way in which 
the substance is distributed within the cell and about what forces act to bring 
about enhanced or reduced concentrations in the cell as compared with those 
holding in the medium. To illustrate the difficulty let us consider human 
erythrocyte K. The cells contain so much of this ion that it is reasonable to 
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regard it as being distributed across the major part of the cell thickness, To 
use method (1) what is the appropriate external concentration C, to substitute? 
Since the cells maintain an internal K concentration of some 145 mu irrespec- 
tive of the external concentration (e.g. Raker, Taylor, Weller and Hastings 
(21)) the uptake is not by simple diffusion. It is convenient to invoke a mecha- 
nism which makes the effective concentration applied to the cell behave as if 
it were 145 mm provided the actual level exceeds some minimum. Substituting 
145 mm for C, in the equation of method (1) our K uptake result of Fig. 7 corre- 
sponds to D = 0.8 X 10~ cm*. sec.. The intercept at 5.6 units of # corre- 
sponds to (Dt,;)!/a = 0.039 and ak = 12. The correction for the effect of 
resistance on the slope is 1.1 making the true D 1.1? times the approximate 
value, that is 1 X 10~“ cm.’ sec.—'; the surface permeability H comes to 1.1 x 
10-* cm. sec.. 

The last figure can be compared with a result of measurement of K movement 
from an erythrocyte ghost cell into NaCl solution made by Teorell (26). He 
gives (Table 4) a value corresponding to 3.5 m.eq. K/liter cells/hour, escaping 
when the internal K concentration was 19 mm. Using the normal erythrocyte 
volume/surface ratio of 1.1 X 10~ cm. the permeability to K comes to 5 X 107 
cm. sec.—!. This is a few times greater than our value found for intact cells 
which have not been exposed to hypotonic haemolysis. 

If method (2) for the calculation of Dx is applied, the time for half-replace- 
ment of the 100 m.eq. K/liter cells is 3090 minutes and this figure substituted 
in the relation gives the uncorrected Dx as 1.3 K 10~“ cm? sec... The reason 
that the value differs from that of method (1) is that the cell volume exceeds 
the volume of water present in the cell. 

Now let us examine the Na of the human erythrocyte. Under Results it was 
argued that the Na is confined to an outer layer which is capable of expansion 
when a poison is applied. The layer may be ill-defined, showing a gradual 
transition from Na-rich to K-rich region, but this could still be described 
in terms of a certain thickness of Na-rich layer. It is not necessary to postulate 
a Na pump to account for the low Na content of the cell; instead a selectivity 
has been ascribed to inward intersite diffusion. The results for unpoisoned cells 
show an Na uptake of 0.64 or 0.9 m.eq./liter cells per unit (¢ in minutes)! for 
two particular donors’ cells. The effective external Na concentration may 
be taken as the product of C, (= 143 mm) and a factor depending on pH to 
allow for the Donnan effect. According to Fig. 1 of Harris and Maizels (12) 
at pH 7.4 the factor for Na will be about 1.2. Calculating Dy, for the cells 
showing the faster Na uptake the result comes to about 0.5 X 10~ cm.’ sec.*. 
After correction for the effect of surface resistance the D is raised to 0.7 X 
10-* cm.? sec.—! and the permeability Hy, comes to 2.3 X 10~* cm. sec.*. 
If the lower uptake value were used the value for D would be about halved 
but H would be little changed. In order to calculate the thickness of the Na-rich 
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region it was assumed that the total cation capacity of the cell is uniformly 
distributed so that the sum of the thicknesses of the Na regions on the two 
opposite faces of the cell stands in the same ratio to the total thickness as does 
the Na content to the total cation content. For Na = 14 and K = 
100 m.eq./liter cells the Na regions would have thickness 0.135 yw in a 2.2 u 
thick cell. Method (2) of calculation leads to Dy, = 1 XK 10-“ cm seco 
which as before needs correction for the effect of the surface resistance. 

As the resistance of the surface to K movement is about twice the resistance 
to Na movement, it seemed possible that the extra resistance to the K ions 
derived from the presence of the outer Na region. The resistance contributed 
by the membrane might be unspecific and the same for each cation. The per- 
meability of a layer 0.13 yw thick to an ion diffusing with D = 1 X 10-“ 
cm? sec! would be 0.74 X 10~* cm. sec.—, this, in series with a membrane 
of permeability 2.3 X 10~* cm. sec.—', would have a permeability of 0.6 X 10~* 
cm. sec.~! which is not much less than the measured K permeability. (Note that 
permeabilities add like conductivities.) 

In calculating the diffusion constant for Na in the dog cell the external 
concentration (143 mm) was regarded as modified by the Donnan effect to bring 
it up to 174 mm (174 is the Na concentration found in some of our analyses of 
dog cells). The value for Dy, is 3.3 X 10~ cm. sec... The Na permeability 
is variable, and in the cells used to obtain Fig. 8 it evidently was high because 
the line passes nearly through the origin. The line for 4 mm external K in Fig. 
9 corresponds to Hy, = 1.1 X 10° cm./sec.. In Fig. 9 the intercept is 
moved to the right as the K in the medium and in the cells, increases. This 
implies that the Hy, has been reduced. If, following the method applied to 
explain the additional resistance of the human cell to K, we suppose that in 
the dog cell the addition of K displaces some Na from the peripheral region 
(as it must if it diffuses only slowly into the cell interior), then the added re- 
sistance may be explicable. The permeabilities of regions of thickness corre- 
sponding to 1 ma/liter cells of extra K (for 13 mm external K) and 20 mm 
extra K (for 62 mm external K) were calculated. These permeabilities in series 
with a permeability of 1.1 X 10-* cm./sec.— (the value in 4 mm K) correspond 
toH (in13 mm K) = 0.85 XK 10-* cm. sec. and H (in62 mm) = 0.16 XK 10-* cm. 
sec", The values calculated from the intercepts are 0.45 X 10 and 0.16 X 
10-* cm./sec.—. As in the human cell the effect of the minor ion on the perme- 
ability to the major ion seems accountable in terms of the presence of an outer 
region containing the minor ion. The reduced slope of Na uptake in high K 
solution (Fig. 9) can be accounted for by the reduced Na concentration in the 
medium. 

Transsurface Flux.—It is important to distinguish between the flux of an 
ion across the resistive outer layer of a cell and the amount which diffuses 
into or out of the interior. In the steady state there will be no net movement 
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and although ions may be continually penetrating the surface layer in each sense 
they do not meet the restriction imposed by slow diffusion. Interchanges across 
the surface layer are controlled by the permeability of the layer and the re. 
spective concentrations just inside and just outside the layer. It is only when a 
net movement takes place from one side to the other, or when the ions are 
marked by use of tracers that the existence of slow diffusion will be revealed, 
for then the particular ions in the cell have to move in the interior as well as 
across the surface layer. Tracer movement will not give a value for the trans- 
surface flux and the latter may greatly exceed the rate of tracer transfer op 
account of the large proportion of ions which no sooner enter the cell than 
they leave it again. 

The low diffusion constant has still to be explained. It is relevant that Abelson 
and Duryee (1), using tracer Na showed that the penetration of the frog egg 
was slow. Radioautographs taken after 5 minutes’ exposure to the tracer demon- 
strated a non-uniform distribution. From their results an internal diffusion 
constant of 2 X 10~* cm.? sec. can be obtained if it be assumed that all the 
Na is equally mobile. They calculated a higher value assuming part (12 per 
cent) only of the cell Na to be mobile and the remajnder to be immobile; i.c., 
to have zero diffusion constant. 

The diffusion of oxygen, nitrogen, and methylene chloride in zeolites is very 
slow; for example oxygen in K-mordenite has diffusion constant 9 X 10- 
cm.? sec.! (Barrer and Brook (2)). 

The fact that the usual anions of the erythrocyte move very rapidly (Dirken 
and Mook (6); Luckner (17)) is in sharp distinction to the behaviour of the 
cations. Why ion pairs cannot readily move through the cell structure is not 
clear. It is, however, claimed that the use of both permeability and diffusion 
constants to describe cation movements is justified if only on empirical grounds 
because they can be used to bring observations made by various experimental 
techniques into harmony without the need for fast, slow, and inexchangeable 
fractions. 


Part of the expenses of this work were met by a grant from the Government Grants 
Committee of the Royal Society. Some apparatus was provided by the Central Re- 
search Fund of the University of London. One of us (E. J. H.) held a grant for scien- 
tific assistance from the Medical Research Council. 


APPENDIX 
Uptake by Diffusion into a Sheet Having a Resistive Coating 


A steady concentration C, is applied to the sheet at ¢ = 0. The outer medium is well 
stirred so the outside concentration is C, throughout. 
The appropriate solution to the diffusion equation is given, e.g. in Equation 2 on 
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page 100 of Carslaw and Jaeger (3). With some changes of symbols: the concentration 
C, (2, ) inside at x and ¢ is related to C, by: 
pn*Dt 
Ci(x, t) 1 2 neo ah cos Pnx/a- exp (- - ) 
e n=1 (ath? + pu? + ah) COS pe 


in which pi, P2, Ps... are the roots of p tan p = ah; the thickness of the sheet is 2 a, 
and h = permeability (H)/internal diffusion constant (D). The mean concentration 


C, () is: 
pn* Dt 


. m=1 p,?(ath® + pp? + ah) 


The function has been plotted in Fig. 1 for some values of ah and against (D#)*'/a as 
abscissa. When 4 —> © the function reduces to the diffusion equation holding for the 
flat sheet (cf. Hill (14)). 

When ah is 1 the second term of the series only contributes 3 per cent to the total 
for Dt/a* = 0.1 and it is negligible for higher values of Dt/a*. For small (< 1) ah 








and od > .1 the expression approximates to 
a 


Ht 
a 


which is the first order equation for permeability-limited movement. 
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ABSTRACT 


The release of radioactive amino acid from the particulate fractions separated 
from the prelabelled livers of rats by centrifugation has been studied under various 
conditions. Although pure fractions may not have been obtained, great differences in 
behavior were observed. In the mitochondria and nuclei dinitrophenol (10~* m) causes 
an inhibition of release, but in microsomes the opposite effect is observed. When the 
incubation medium is fortified with ATP and phosphocreatine, release is inhibited. 
In microsomes and nuclei the inhibition proceeds to the extent that the incorporation 
of preformed radioactive amino acid occurs. Protein is synthesized at a rapid rate. 
In incubations longer than 1 hour there is always a release of radioactive amino acid. It 
is concluded from these results that the interpretation of release data from slices or 
systems such as those studied is impossible without further information concerning 
some of the unknown variables. The most important unknown is the specific activity 
of the “free” amino acid in the particulates and the effect of carrier amino acid in 
the medium of this specific activity. 


INTRODUCTION 


Simpson (1) showed that the release of radioactivity from the labelled 
proteins of rat liver slices was depressed under anaerobic conditions as well as 
by cyanide and 2 ,4-dinitrophenol (DNP). The implication from these experi- 
ments, which have been confirmed by Steinberg and Vaughan (2), is that the 
breakdown of tissue proteins is not due simply to the hydrolytic splitting of 
their peptide bonds catalyzed by tissue cathepsins; but it is linked, in some 
manner direct or indirect, with protein synthesis and the supply of energy. 
Steinberg and Vaughan (2) extended the original work by showing that (- 
thienylalanine and o-fluorophenylalanine inhibited the release of phenylalanine. 


*This work was aided by grants from the American Cancer Society, and the School 
of Medicine, University of California. 
t Rockefeller Foundation Fellow 1955-56. Present address: Department of Bio- 
chemistry, University of Cambridge, Cambridge, England. 
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Moreover, the latter inhibitor also inhibited the release of alanine from the 
slice protein. It was also demonstrated by these workers that along with the 
inhibition of release, there was also a more or less proportional inhibition of 
formation of non-protein nitrogen, whether the release was inhibited by DNP, 
by analog, or by anaerobic conditions. 

We have been able to confirm the work of Simpson (1), prelabelling the livers 
by feeding rats either yeast labelled with S®* or Rhodospirillum rubrum labelled 
with C™ (3), and, in an attempt to gain further insight into this phenomenon, 
we have investigated the release of labelled amino acids from the nuclear 
mitochondrial, and microsomal fractions of livers of rats in order to see if these 
fractions behave differently from one another in releasing amino acids from their 
proteins, as they do with regard to the incorporation of amino acids into their 
proteins (4-6). 

From the present results it is apparent that the release of radioactive amino 
acids from nuclei, mitochondria, and microsomes is different for each particulate 
fraction and also with the different conditions of incubation. When conditions 
which stimulate protein synthesis exist during the incubation of microsomes, 
there may actually be incorporation rather than release of amino acid. It there- 
fore becomes necessary to reconsider the interpretation of the results of Simpson 
and of Steinberg and Vaughan. 


Methods 


Rhodospirillum rubrum grown on a medium containing C™-bicarbonate (3) was 
given by stomach tube to male black and white hooded rats from 3 to 4 months of 
age. Each rat received about 10° counts/min. Forty-eight or 72 hours later, the livers 
of the rats were subjected to perfusion to remove most of the blood. The organ was 
then dissected out as quickly as possible, blotted, weighed, cut into small pieces, and 
transferred into five times its weight of fresh, ice-cold homogenizing medium (H) ina 
Dounce-type homogenizer (7). This consisted of 8.5 per cent sucrose containing 
0.0025 m MgCle, 0.001 mw MnCls, and 1.0 mg./ml. of mixed amino acids at pH 7.3. The 
composition of the mixture is given as a footnote to Table ITI. The homogenate was 
filtered through silk or gauze to remove fibre and the nuclear, mitochondrial, and 
microsomal fractions were separated by differential centrifugation after the technique 
of Schneider and Hogeboom (8). The pellets so obtained were washed, each in its 
incubation medium containing excess carrier amino acid, to give a low initial level of 
radioactivity in the medium. It cannot be claimed that these fractions are completely 
pure since no doubt there is some admixture of the components. 

The nuclei were suspended by gentle homogenization in the incubation medium (I) 
described in the footnote to Fig. 1, containing 0.002 mu CaCl; and 0.01 m sodium citrate. 
The microsomes and mitochondria were suspended in a medium lacking the calcium 
and citrate, but containing 0.001 a MnCl; and 0.0025 mu MgCle. All media were gassed 
with either 95 per cent Oz, 5 per cent CO, or 95 per cent No, 5 per cent COs, and were 
at pH 7.2, except in the experiment reported in Table II. They also contained carrier 
amino acids like medium H, except in the experiments reported in Table IIT. In those 
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cases in which yeast-S** was used to do the initial labelling, sulfur amino acids only 
were used as carrier as indicated below Fig. 1. 

The nuclei were usually ready for incubation within 45 minutes of the death of the 
rat. The mitochondria took about 75 minutes to prepare and the microsomes about 
10 minutes. In most experiments the nuclei and mitochondria were kept at 0°C. 
until the microsomes were ready, but occasionally incubations were started im- 
mediately. 

In some experiments, as noted in the tables and figures, adenosinetriphosphate 
(ATP), phosphocreatine (PC), 2,4-dinitrophenol (DNP), or the soluble enzyme 
prepared as described by Hoagland, Keller, and Zamecnik (9) was added to the media. 
All addenda were at pH 7.2, and the necessary small volumes of water were added to 
the controls. 

Triplicate samples of the particulate fractions were removed at various time 
intervals during the incubation, and the reaction stopped by boiling with 0.25 mu 
acetate buffer at pH 4.7. The protein was spun down and the supernatant poured off. 
The protein was washed once with 1 ml. of a solution of the mixed amino acids and 
twice with water. The volume of the combined washings and supernatant was made up 
to 8 ml. with water, mixed, and triplicate 2 ml. samples were pipetted into plastic 
planchets, dried, and counted in a gas-flow Geiger-Miiller counter with an end window. 
The residual protein was washed twice with 10 per cent trichloroacetic acid (TCA), 
once with hot TCA, once with hot alcohol, and once with hot alcohol-ether, dried 
with ether, sedimented on to aluminum planchets, and counted. The specific activity 
was calculated after corrections had been made for background counts and for self- 
adsorption. 

Similar experiments were performed after administration to the rats of yeast grown 
on a medium containing S**-sulfate. In some of these experiments the S-amino acid 
content of the medium was determined by counting the sulfur from these amino acids. 
A known amount of carrier sodium sulfate was added and the inorganic sulfate was 
precipitated by the addition of the stoichiometric amount of barium chloride solution. 
The sulfur of the amino acids was then converted to inorganic sulfate with Pirie’s 
reagent, and the specific activity obtained by counting and titrating the benzidine 
salt (10). 

The protein content of the samples was determined by nesslerization after micro- 
Kjeldahl digestion of the TCA precipitate. The results are given either as total counts 
released, or as the percentage of the counts released from the protein. 

It will be noted (see footnotes to Figs. 1, 2, and 6) that even at the beginning of 
incubation most samples contained a significant amount of non-protein radioactive 
material. In the supernatant fraction from the livers this activity was so high, relative 
to the activity found in the protein, that it proved impossible to carry out satisfactory 
experiments with this fraction. In computing the results this zero time non-protein 


activity has been treated as a blank value, being subtracted from all subsequent 
samples. 


RESULTS 


The results given in Table I indicate that in an incubation period of 4 hours 
the nuclear, mitochondrial, and microsomal fractions each released radio- 
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activity (C“) into the medium, whether O./CO: or N2/COz was present as 
gas phase. This release is an enzymatic process, for very little amino acid was 
released when the incubation was carried out in melting ice. Thus in a 4 or 6 
hour incubation under O./CO, at 0° there was a rise in non-protein counts in 
the medium of less than 3 per cent of the initial value no matter which of the 
three particulate fractions was employed. 

The percentage of counts in the protein which was released varied con- 
siderably with each preparation of the fractions. Thus the percentage decrease 
in release resulting from incubation under nitrogen varied in five experiments 
with the nuclei from 19 to 47 per cent, with the mitochondria from 9 to 37 per 
cent, and with the microsomes from —28 to —45 per cent. Some of the varia- 


TABLE I 


Effect of Anaerobiosis on the Release of Radioactivity from the Proteins of Particulates from 
Livers of Rats* 





Radioactivity released, per cenit 





Gas phase 
O:/CO: N2/COs 


Decrease in release 
in Ns 








er. SEE eee oe bee 8.7 ‘ 26 
EE ... s vacdnd ces Stace eee 7.8 5 31 
7 


3. —41 














* The livers were previously labelled by feeding the animals Rhodospirillum rubrum labeled 
with C™. Fractionation was carried out by centrifugation from sucrose as indicated in the 
text. The conditions of incubation are given below Fig. 1. 

} The activity released refers to the per cent of the radioactivity transferred from the 
protein to the non-protein fraction after 4 hours’ incubation at 37°C. The range of values 
obtained in five experiments is given in the text. 


bility may be due to cross-contamination among the fractions, but this is 
insufficient to mask the differences observed. Perhaps the pure fractions would 
have shown even greater differences among themselves. Quite clearly incuba- 
tion under nitrogen, as compared with oxygen, caused an inhibition of release 
from the nuclei and mitochondria, but a stimulation of release from the micro- 
somes. Similarly in experiments in which the prelabelling was carried out with 
yeast-S*®, DNP caused an inhibition of release of amino acid from the nuclei, 
but stimulation in release from the microsomes (Fig. 1). The same phenomena 
are shown by the results of experiments in which labelling was carried out with 
C™ (Fig. 2). In addition, it is demonstrated that DNP inhibits the release from 
mitochondria as well as from the nuclei. 

Thus the experiments with S® labelling, in which the substance initially 
released is necessarily amino acid, conform to those with C™, in which it is 
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Fic. 1. Effect of conditions on the “release” of label from nuclei and microsomes 
isolated by centrifugation from livers of rats previously labelled by feeding yeast-S*. 


At zero time the states of systems were as follows: (a) nuclei, 15 mg. of protein with a 
specific activity of 225 c.p.m. per mg. and 220 c.P.m. in non-protein fraction; (6) microsomes, 
5 mg. of protein with a specific activity of 3100 c.p.m. per mg. and 505 c.P.M. in non-protein 
fraction. All samples were incubated for the times indicated under 95 per cent O2; 5 per 
ent CO, in (for nuclei) a medium containing 0.04 m sodium bicarbonate at pH 7.2,0.002 u 
CaCl, 0.10 aw KCl, 0.04 m NaCl, and 1.0 mg. per ml. of mixed sulfur amino acids (0.6 mg. 
per ml. of t-methionine, 0.4 mg. per ml. of L-cystine, plus cystine to saturation). For the 
microsomes the CaCl, was replaced with 0.001 mw MnCl, and 0.0025 m MgCl». When used 
the DNP was 10~* mu, and ATP and PC, 1 or 2 um per sample. Activity released refers to S* 
in non-protein fraction. 


possible that some of the label in the particulates is initially present as fat and 
carbohydrate and may be released as such. In the following discussion we shall 
assume, therefore, that the major part of the radioactivity released or taken 
up by the particulates was in the form of free or “activated” amino acid. 
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It is clear that the results with the particulates make a simple interpretation 
of the phenomenon of release impossible. 


o~*> 


1 2400 =o --o Microsomes 
2000 o--4 Mitochondria 
o--o Nuclei 


(cpm 


1600 


1200) 


800 


400 








0 


Radioactivity Released 





Time in Minutes 


Fic. 2. Effect of DNP on “release” of label from fractions isolated by centrifugation 
from livers of rats previously labelled by feeding Rhodospirillum rubrum-C™. 


The description which follows applies to Figs. 2 to 5. At zero time the state of the several 
systems was as follows: (a) nuclei, 40 mg. protein with a specific activity of 1100 c.p.m. per 
mg. and 2200 c.p.M. of material soluble in TCA; (6) mitochondria, 30 mg. protein with a specific 
activity of 1560 c.p.m. per mg. and 3120 c.p.m. soluble material; (¢) microsomes, 5 mg. protein 
with a specific activity of 1680 c.p.M. per mg. and 570 c.p.m. soluble material. 

Incubations carried out under similar conditions to those given for Fig. 1, the medium for 
mitochondria being the same as that for microsomes. Symbols: nuclei, squares; mitochondria, 
triangles; microsomes, circles. Solid curve, no DNP added; broken curve, 10~ mu DNP present. 


TABLE II 


Effect of pH during Incubation on the Release of Radioactivity from the Proteins of the Particulates 
from Livers of Rats* 





Radioactivity released, counts/min. 





oH S.3 





5840 
7080 
Microsomes 1720 





* Labelling of proteins, fractionation of tissues, and incubations (in O2/COs) as in Table I. 


In the experiments which have just been considered, amino acids were 
released from all fractions whether the conditions were aerobic or anaerobic, 
or whether DNP was present or not. It is possible that proteolytic enzymes were 
responsible. This possibility is further emphasized by the results of experiments 
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in which some of the incubations were carried out at pH 5.3. The data are 
shown in Table II, and demonstrate quite clearly that the release at pH 5.3 was 
pwo or three times greater than at pH 7.2. The same phenomenon was shown to 
occur in slices by Steinberg and Vaughan (2), and must be correlated with the 
observations that the optimum pH of most known tissue cathepsins is about 
pH 5 or lower (11, 12). 
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Fic. 3. Effect of conditions on “release” of label from nuclei isolated from livers of 
rats previously labelled by feeding Rhodospirillum rubrum-C™. 


Conditions as indicated in subscripts to Figs. 1 and 2. 


It is of interest to note that the data in Table I show that the percentage of 
the activity released from the nuclei is greater than that from the microsomes, 
8.7 per cent versus 3.7 per cent, the release from the mitochondria being be- 
tween these values (7.8 per cent). Likewise, from the data given in Figs. 3 to 5, 
it can be shown that a similar situation prevails, the percentage release from 
the nuclei, mitochondria, and microsomes being 5.5, 4.6, and 1.6, respectively, 
in 4 hours in oxygen. The data from the sulfur-labelled particulates, plotted 
in Fig. 1, bear a similar relationship to each other. In 6 hours there was a re- 
lease of 3.9 per cent of the activity from the nuclei compared with a 2.2 per cent 
release from the microsomes. 

If the release phenomenon is to be associated with catheptic activity, then 
one would anticipate the greatest percentage of release from the particles 
bearing such activity. From the work of Gianetto and de Duve (13) and others 
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(14), it is apparent that catheptic activity is found in particles, the lysosomes, 
which are intermediate in size between the mitochondria and microsomes, The 
high rate of release from nuclei can hardly be accounted for on this basis unless 
the contamination with mitochondria is greater than we suppose. Some other 
factor or factors must be involved in the release phenomenon apart from 
catheptic activity. 

It is not clear whether the considerable breakdown at pH 7.3 under anaerobic 
conditions, or when DNP is present, is brought about by cathepsins not at 
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Fic. 4. Effect of conditions on “release” of label from mitochondria isolated from 
livers of rats previously labelled by feeding Rhodospirillum rubrum-C™. 


Conditions as indicated in subscripts to Figs. 1 and 2. 


their optimum pH, or by cathepsins with a higher pH optimum than that usually 
found for these enzymes. 

When ATP was added to the incubation medium, especially if PC or 3- 
phosphoglycerate was also present, the release of amino acid was depressed 
in all fractions. Indeed, in some experiments the initial level of non-protein 
radioactivity in the nuclear fractions was depressed after a short period of incu- 
bation (Figs. 3 and 5), particularly during the ist hour. A similar but greater 
fall is shown by the microsomal fraction, but whereas the initial level in the 
mitochondrial fraction does not fall, it does remain almost constant during the 
ist hour of incubation. 

The uptake of radioactivity by the nuclear and microsomal fractions, that is 
the fall in counts, must represent a reincorporation of the amino acid into the 
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Radioactivity Released (c.p.m.) 
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Fic. 5. Effect of conditions on “release” of label from microsomes isolated from 
livers of rats previously labelled by feeding Rhodospirillum rubrum-C™. 


Conditions as indicated in subscripts to Figs. 1 and 2. 
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. Fic. 6. Effect of activation on “release” of label from microsomes isolated from 

livers of rats previously labelled by feeding Rhodospirillum rubrum-C'. 
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Conditions as in Figs. 1 and 2 except as noted below. The original state of the systems was 
4s follows: microsomes, 7 mg. of protein with a specific activity of 585 c.p.m. per mg., and 
485 c.p.. in non-protein fraction. Some flasks contained the pH 5 activating enzyme prepared 
as described by Hoagland and coworkers (9). It was added in the amount of 5 mg. per sample 
in 0.1 u tris buffer. 
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protein. This reincorporation in the microsomes is increased by adding the 
soluble enzyme of Hoagland and coworkers (9), as shown by the data plotted 
in Fig. 6. 

In Table IIT are shown the effects of omitting the carrier amino acids from 
the medium. Their absence results in a great depression of release during a 4 
hour incubation, whether nuclei, mitochondria, or microsomes are being incu- 
bated. Similar results were obtained by Steinberg and Vaughan (2). 


TABLE III 


Effect of Carrier Amino Acids on the Release of Radioactivity from the Proteins of the Particulat 
Preparations from Liver of Rats* 





Radioactivity released, counts/min. 


Carrier eminot Carrier amino 
acids present acids absent 


986 
Mitochondria. ... 1040 


Microsomes 672 














* Labelling of proteins, fractionation of tissues, and incubations (under O,/CO,) as in- 
dicated in subscript to Table I. 


t To each milliliter of medium were added 0.5 mg. of L-amino acids in the following per- 
centages: arg-HCl, 6; his-HCl, 2; lys-HCl, 8; tyr, 4; ser, 7; leu, 8; ileu, 4; val, 6; glu, 13; asp, 
6; gly, 5; ala, 5; pro, 5; h-pro, 1; cy-SH, 3; try, 2; phe, 5; met, 5; thr, 5. 


DISCUSSION 


The interpretation of the results obtained in this investigation and of those 
obtained by Simpson (1) and by Steinberg and Vaughan (2) depends on the 
assessment of three important unknowns in the system: (a) the rate of protein 
synthesis in the particulates (or slices); (6) the specific activity (SA) of the 
“free”? amino acid pool in the particulates; (c) the effect of the conditions of 
incubation on the SA of the “free” amino acid pool in the particulates. 

(a) The Rate of Protein Synthesis—The data plotted in Fig. 5 show that in! 
hour approximately 213 counts/min. were taken up by the microsomes out of 2 
total of 570 counts/min. in the non-protein fraction when ATP and PC were 
present (20 uM). If we assume for the moment that the SA of the amino acids 
in the protein is the same as the SA of those in the non-protein fraction then we 
can calculate the protein synthesized per hour as being 213/1680 = 0.127 mg. 
when 1680 is the SA of the protein as found. The microsomes contained about 
5 mg. of total protein, hence the fraction of the microsome protein replaced per 
day is 0.127 K 24/5 = 0.61. Or the half-life of the microsome protein 
is 0.693/0.61 or 1.1 days. Under conditions of stimulation with the soluble 
factor, the half-life of the microsome protein turns out to be 0.35 day. 

In making these caluclations the SA of the “free” amino acid in the particles 
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yas assumed to be the same as that in the protein. If we had made the super- 
cially more reasonable assumption that the amino acid in the particles, the 
so-called “free” amino acid, hada lower specific activity due to dilution with the 
carrier amino acid, then the half-life of the microsomal protein would have been 
iess than that calculated. 

The half-life of the total liver protein has been variously estimated as being 
from 6 to 3.8 days (15-17). Consequently, it is to be anticipated that the 
microsomes will have a much shorter half-life than the lowest of these values, 
the uptake into microsomes from liver being more rapid than into other frac- 
tions (4). By calculation from the in vivo experimental data of Keller, Zamecnik, 
and Loftfield (17; see their Table 1), a half-life of 1.4 days is obtained. This 
value is probably too high because it is assumed in the calculation that the SA 
of leucine at the site of synthesis, in the microsomes, is the same as that of the 
injected dose. From the work of Loftfield and Harris (18) this is clearly not the 
case. Comparison of the half-lives of the microsomal protein from our in vitro 
experiments and the im vive experments of Keller and coworkers (17) shows them 
to be comparable, both being overestimated. From this it necessarily follows 
that the specific activity of the “free” amino acid within the microsomes must 
be at least of the same order as that in the protein in spite of the addition of 
relatively large amounts of carrier amino acids. 

The data make it clear that “free’’ amino acids are being incorporated into 
microsomal protein at the beginning of the incubation period under some 
conditions, and to a lesser extent this is true with the nuclei. It may therefore 
be stated with some confidence that the same phenomenon is also occurring in 
the mitochondria: in all three particulate systems it is probable that under 
most conditions employed, both synthesis and degradation of protein are oc- 
curring simultaneously. Depending on the conditions and system the net 
eflect may be uptake or release of amino acid. 

(b) The SA of the “Free” Amino Acid Pool——It has been deduced that the 
“free” amino acid pool in the microsomes at least is not in rapid equilibrium 
with the carrier amino acids added to the medium, otherwise reincorporation 
could not have occurred. Consequently, these amino acids, which presumably 
arose by prior degradation of the microsomal protein, must have had a high 
specific activity. How can this be? Either these amino acids were bound to some 
structure in the microsomes by bonds which are very weak or easily hydrolyzed, 
or the amino acids were in some activated form, or there is an active system 
transferring amino acids into the particles. Some support is found for the first 
hypothesis in the work of Cohn and Rickenberg (19), Britten, Roberts, and 
French (20), and Cowie and Walton (21) with Escherichia coli and Torulopsis 
wilis. In those organisms before protein synthesis occurs, amino acids become 
bound to some part of their internal structure. There is also support for the 
second hypothesis in that various workers (22, 9, 23, to 25) have demonstrated 
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the presence of activated amino acids when incorporation is occurring. The 
third hypothesis appears plausible, but is net supported by any experimental 
work with which we are acquainted. 

Therefore, there is ample reason to believe that the “free” amino acids jn 
the microsomes and probably in the other particulates are not in rapid equilib- 
rium with the carrier amino acid pool in the medium. A similar situation was 
observed by Loftfield and Harris (18), who failed to wash out radioactive amino 
acid from the pool in intact rats by infusing large amounts of inactive amino 
acids. Even more pertinent are the results of Hultin (26) and Hultin and Beskow 
(27) who showed that after a few minutes’ incubation of labelled glycine or 
leucine with mitochondria, in a system similar to that described by Zamecnik 
and Keller (5), the addition of unlabelled glycine or leucine had no effect what- 
soever on subsequent incorporation. In some of the experiments reported by 
Hendler (28), with respect to the labelling of the proteins in hen’s oviduct 
tissue, the same type of phenomenon appears to have occurred. 

It is also clear that the carrier amino acids do eventually have considerable 
effect on the SA because the release of radioactive amino acids from slices in 
4 hours is much greater when carrier is added to the medium (1, 2). The same 
effect is noted with all three types of particulates (Table III). However, the 
carriers can only be partly effective in short term incubations. Since interpre- 
tation of the data of Simpson (1) and Steinberg and Vaughan (2) as a coupling 
of synthesis and degradation rests on the assumed effectiveness of the carrier 
addition, this interpretation may be incorrect. The probability that carrier is 
only partly effective is obviously even greater in slices than in particulate 
systems. 

(c) The Effect of the Conditions on the SA of the “Free” Amino Acid Pool in 
the Particles.—It is clear that energy may be used to bind the amino acids in the 
particles, form “activated” amino acid, or transfer unlabelled amino acid 
into the particles, and thus promote the exchange of labelled amino acids. 
Alternatively, energy may be used to promote protein synthesis. Consequently, 
considering all the unknowns, the effects of adding ATP, DNP, etc., to the 
system of labelled particles—inactive amino acid can hardly be interpreted. 
The behavior of the radioactive release will depend on the dilution and washout 
of the radioactive amino acids from the particulates by the added carrier, and 
on the prevailing rate of synthesis. Moreover, the addition of amino acid ana- 
logs to the system does not lead to results which clarify the problem particularly. 
The analogs may well interfere with many of the processes just mentioned. 

Superficially the demonstration by Steinberg and Vaughan (2) that there is 
an increase in non-protein nitrogen (NPN) in the system when slices are incu- 
bated, and that the rise in NPN under various conditions parallels the release 
in amino acids, supports the concept that degradation and synthesis are related 
phenomena. Again, however, in view of the complexity of the system, it s 
inadvisable to jump to conclusions. 
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ABSTRACT 


The xanthine oxidase activity of mouse regenerating liver has been shown to be 
elevated during the period of rapid liver growth and proliferation. This increase is 
evident when the enzyme activity is expressed per unit wet tissue weight, per unit 
nitrogen, or per cell. The adrenal cortex probably plays only a minor role in imple- 
menting this phenomenon. Further augmentation of the xanthine oxidase level of 
regenerating liver is not induced by the administration of large quantities of the 
substrate, xanthine, to the animal. 


INTRODUCTION 


In the course of a study on xanthine-induced adaptive enzyme formation in 
mammalian tissues (10), it seemed profitable to investigate the possibility that 
the proliferating cells of regenerating liver, when “reared” in an environment 
rich in exogenously supplied xanthine, might more readily form increased 
amounts of xanthine oxidase adaptively then would the older more stable 
population of cells present in resting liver. An experiment designed to test this 
hypothesis revealed that mouse regenerating liver manifests no induction of 
xanthine oxidase following xanthine administration, but, rather, that liver 
regeneration per se is attended by a marked elevation in xanthine oxidase level 
as compared with normal liver, with no further increase manifested upon 
parenteral xanthine administration. 

Although there is much evidence indicating that active synthetic mechanisms 
are operative during liver regeneration (4, 9, 19, 21, 26), the literature reveals 
a dearth of examples of elevations in the concentrations of enzymes during 
regeneration. Greenstein, in fact, stresses the enzymatic similarity between 
normal and regenerating liver, in contrast to that between neoplastic and 
fetal liver (12). Among the many enzymes studied in regenerating liver, only 
the alkaline phosphatases (20, 25) and adenosine deaminase (24) were clearly 
shown to be present at concentrations greater than normal and to be directly 
correlated with the active growth phase of the regeneration. 


*This work was supported by research grants from the National Science Founda- 
tion (G-1294), and the National Cancer Institute, United States Public Health Service. 
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In light of these factors, it seemed of some import to define precisely the pat- 
tern of xanthine oxidase levels during liver regeneration in the mouse. 


METHODS 


Male CS7 Bl/6 JAX mice of body weights ranging between 21 and 34 gm. were 
employed in these experiments. All animals were fed Purina chow and were allowed 
tap water ad libitum. 

The following experimental plans were adopted. In the adaptive enzyme experi- 
ment groups of six mice were partially hepatectomized on 12 successive days and 
groups of four mice were reserved as unoperated controls. During the postoperative 
period all animals were allowed a choice of 20 per cent glucose or tap water. The 
hepatectomized mice were given a single intraperitoneal injection of 0.5 ml. 20 per 
cent glucose 10 hours after surgery. Half of each group of mice were given intra- 
peritoneally 0.12 ml. of 0.85 per cent NaCl per 10 gm. body weight; the other half 
0.12 ml. of 2 per cent xanthine suspension in saline per 10 gm. body weight. Each 
mouse was given a total of eleven injections: two doses on the day of surgery and on 
each of the first 4 days following hepatectomy; one dose on the Sth posthepatectomy 
day. Four hours later the animals were sacrificed, the livers were removed, one to 
three livers within each group were pooled, and xanthine oxidase determinations 
were performed on homogenates prepared from the pooled livers. 

In the study designed to follow the pattern of xanthine oxidase levels during liver 
regeneration, approximately twelve mice were hepatectomized on successive days 
and two to four mice were laparotomized. A group of untreated stock mice was re- 
served as unoperated controls and maintained under conditions identical with those 
of the mice submitted to surgery. During the postoperative period all animals were 
given a choice of 5 per cent glucose or tap water. No further treatment was adminis- 
tered to these animals. At the designated intervals following surgery, the mice were 
sacrificed and their livers removed. One to four livers were pooled within each group, 
homogenates were prepared, nuclear counts were made, and the xanthine oxidase 
activity and total nitrogen were determined on each homogenate. The adrenals were 
removed from each mouse and weighed. 

The partial hepatectomies were performed employing a modification of the pro- 
cedure of Higgins and Anderson (15). It was found that a single ligation, around the 
pedicle of the left lateral lobe and the two portions of the medial lobe as prescribed 
by Higgins and Anderson for the rat resulted in high mortality in the mouse, due 
possibly to the removal of the gall bladder and disruption of the biliary system. 
Therefore the following modifications of the Higgins and Anderson procedure were 
undertaken: the ventral hepatic mesentery was severed; two ligations were made, one 
around the pedicles of the left lateral lobe and the left portion of the median lobe 
(left central lobe), and another around the pedicle of the right portion of the median 
lobe (right central lobe). Care was taken to leave the gall bladder and biliary ducts 
intact. After each ligation was made, the hepatic tissue distal to the ligature was cut 
free as close to the ligature as possible. Laparotomies were performed in the following 
manner: a medial incision into the body wall was made; the ventral hepatic mesentery 
was sectioned; the hepatic iobes analogous to those removed in partial hepatectomy 
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were manipulated. In both the hepatectomies and laparotomies the body wall and 
skin were sutured in two layers. 

One to four livers pooled from animals receiving identical treatment were homog- 
enized for 2 minutes in a Teflon homogenizer. The homogenization procedure and 
the xanthine oxidase determinations were carried out in the manner described by 
Axelrod and Elvehjem (1). A modification of the procedure of Bass ef al. (2) was 
adopted for counting nuclei in duplicate samples of the same homogenates which 
were utilized for the enzyme assay. Twenty mg. per cent crystal violet in 6 per cent 
acetic acid served as the diluent. Nuclei in five red cell squares of each chamber of a 
hemocytometer were counted for each duplicate sample. The maximum deviation 
from the mean of the four counts thus obtained for each homogenate rarely exceeded 


TABLE I 


The Effect of Substrate Administration on Xanthine Oxidase Activity in Normal and Regenerating 
Livers 





Xanthine oxidase activity 





: —s No. of 

Animal Solution injected bh 
cmogenates Increase over in- 

Os uptake tact saline control 





ul. per gm. wet liver per cent 
Intact Saline 7 (13)* 364 + 34f 
Intact Xanthine 7 (14) 427 + 60 
Hepatectomized Saline 11 (19) 558 + 32 
Hepatectomized Xanthine 10 (17) 518 + 32 

















* The number in parenthesis represents the actual number of animals used. Livers from 
these animals were so pooled as to comprise the number of homogenates indicated. 
t Mean + standard error (s.E.) 


s.B. = V/2x2/n(n-1) ‘ 


plus or minus 10 per cent. Total nitrogen estimations were made using the micro- 
Kjeldahl method (14). 


RESULTS 


The initial observation on xanthine oxidase levels in regenerating liver was 
made during an experiment designed to determine whether regenerating liver 
possesses a greater ability to form xanthine oxidase adaptively in response to 
parenteral administration of xanthine than does resting liver. Table I summar- 
izes the xanthine oxidase levels of resting liver and of 5 posthepatectomy day 
old regenerating liver. It is clear that regenerating liver possesses over 50 per 
cent more xanthine oxidase activity than does resting liver. Since the p value 
equals 0.01,! this difference is statistically significant. Xanthine suspension in- 
jected during the course of 5 days produces a 17 per cent increase in the xan- 


'The probability values () are obtained by submitting the data to the ¢ test (23). 
Probability values of 0.01 or less are considered statistically significant. 
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thine oxidase of intact normal livers; this increase is statistically insignificant 
(p = 0.3). The high levels of xanthine oxidase of regenerating liver are increased 
no further with parenteral administration of xanthine. 

A kinetic study was undertaken to determine the pattern of xanthine oxidase 
elevation during the course of regeneration. Liver xanthine oxidase was deter. 
mined on groups of regenerating livers at various intervals during 22 days fol- 
lowing partial hepatectomy. These values are compared to resting livers from 
mice laparotomized on the same days. To ascertain the possible influence of 
surgical stress on xanthine oxidase, enzyme assays of livers from a group of 
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XANTHINE OXIDASE (yL. O2/HR./GM. LIVER) 





DAYS 

Fic. 1. Xanthine oxidase activity per gram wet liver tissue following partial 
hepatectomy and laparotomy. The solid line represents regenerating liver; the broken 
line, livers from laparotomized mice. The vertical bars denote the standard error of 
the mean. The numbers at each point refer to the number of homogenates assayed. 
The value at 0 days represents unoperated controls. 


unoperated controls are also reported. Fig. 1 depicts the liver xanthine oxidase 
activity per gram wet liver weight as a function of time following partial hepa- 
tectomy. Statistically significant elevations of xanthine oxidase activity of 22, 
33, and 30 per cent are found in regenerating livers 2, 3, and 5 days respectively 
after partial hepatectomy, as compared with their laparotomized controls (in 
each case p < 0.01). The maximum elevation, achieved at 3 days, is followed 
by a slow decline; approximately 2 weeks posthepatectomy the xanthine oxidase 
levels of the hepatectomized animals return to the laparotomized control levels. 
The means of the ‘xanthine oxidase levels of the laparotomized mouse livers are 
in general higher than the mean value for the unoperated control livers, indi- 
cated at day zero. These elevations, however, are statistically insignificant. 
Since liver regeneration is accompanied by shifting patterns of lipide con- 
centration and of hydration (11, 26), it seemed essential to express the enzyme 
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activities on a basis which is independent of these variables. For this reason, the 
total nitrogen content of the liver was determined. The results recorded in Fig. 
2 show the nitrogen content per gram regenerating and laparotomized livers at 
various intervals following surgery as compared with unoperated controls. It 
can be seen that in early regenerative stages the nitrogen content of the liver 
is considerably depressed (a statistically significant depression of 22 per cent 
at 1 day (p < 0.01)) and then climbs continuously until complete restoration 
of nitrogen is achieved at 5 days. The surgical stress of laparotomy produces no 
significant change in the nitrogen content of resting livers. 

A replot of the xanthine oxidase activity on a per nitrogen basis (Q6,), is 
presented in Fig. 3. Xanthine oxidase activities expressed as Q>, show a more 
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Fic. 2. Total nitrogen per gram wet liver tissue following hepatectomy and 
laparotomy. Details are as in Fig. 1. 


striking elevation than when expressed on a wet tissue weight basis, viz., sta- 
tistically significant posthepatectomy enzyme elevations of 71, 45, 46, and 31 
per cent for 1, 2, 3, and 5 days respectively over the corresponding laparoto- 
mized groups (each case p < 0.01). The complete restoration of liver xanthine 
oxidase activity per unit nitrogen to normal levels is again achieved at about 2 
weeks. It can thus be seen that despite a lowered total tissue nitrogen concen- 
tration, in the early stages, xanthine oxidase is present at an elevated level. 
Price and Laird (21), Einhorn ef al. (8), and others have stressed the impor- 
tance of expressing the amounts of cellular constituents of rapidly proliferating 
tissues, such as regenerating liver, on a per cell basis if knowledge of the altera- 
tions in any one constituent of the average cell is desired. Variations in volume, 
lipide, water, and nitrogen composition of the cells during the course of regen- 
eration can be accounted for by expressing xanthine oxidase activity on a per 
cell basis. Fig. 4 shows the number of nuclei per gram wet liver tissue of regen- 
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erating and resting liver during the 3 weeks following hepatectomy and laparot- 
omy respectively. It is evident that a given wet weight of regenerating liver 
contains fewer cells than does resting liver from laparotomized mice; cell counts 
on regenerating liver range between 16 and 29 per cent below those of livers 
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DAYS 
Fic. 3. Xanthine oxidase activity per milligram nitrogen (Q8,) following hepa- 
tectomy and laparotomy. Details are as in Fig. 1. 
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Fic. 4. Number of nuclei per gram wet liver tissue following hepatectomy and 
laparotomy. Details are as in Fig. 1. 


from laparotomized mice. Restoration of cellularity to unoperated control val- 
ues is slowly achieved during 22 days after hepatectomy, although restoration 
to laparotomy values is not completely achieved during this period. 
Xanthine oxidase activity replotted on a per cell basis may be seen in Fig. 5. 
Since the cellularity of actively regenerating liver is lower than that of intact 
liver (Fig. 4), it follows that increased elevations in enzyme activity per unit 
cell of regenerating livers are even more striking and of greater statistical 
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significance than when expressed on a wet liver weight basis. Increases of 64, 69, 
67, 74, 50, and 45 per cent occur at 1, 2, 3, 5, 7, and 9 days respectively after 
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Fic. 5. Xanthine oxidase activity per 10* nuclei following hepatectomy and 
laparotomy. Details are as in Fig. 1. 


TABLE II 
Mouse Adrenal Weights after Hepatectomy and Laparotomy 





Adrenal weights (mg./gm. body weight) 





Time after surgery Hepatectomized 
Hepatectomized Laparotomized Laparotomized 
X 100 











16.4 + 0.5* (17) | 13.640.8(5) | 121 
15.1 + 0.8 (13) 14.041.2(4) | 108 
14.2 + 0.6 (13) 12.140.6(5) | 117 
14.3 + 0.5 (13) 13.7 + 0.7 (7) 104 
14.4 + 0.7 (10) 14.641.2(4) | 99 
14.3 + 0.6 (13) 12.3 + 0.7 (7) 

17.6 + 1.7 (4) 18.6 (1) 95 
11.7 + 0.3 (4) 10.9 (1) 








Unoperated 
controls 12.7 + 0.7 (11) 








*Mean + s.E. 


t The number in parenthesis represents the number of animals used. 


surgery (in each case p < 0.01). Normal xanthine oxidase levels in regenerating 
livers are attained, again, at about 2 weeks. These data therefore indicate that 
a given weight of regenerating liver during its early stages possesses approxi- 
mately 20 per cent fewer cells than does intact laparotomized liver, and that 
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each cell contains approximately 70 per cent more xanthine oxidase than do 
cells from intact livers. 

Since cortisone has been shown to elevate liver xanthine oxidase (5), it seemed 
important to assess the role played by the adrenal in implementing the observed 
xanthine oxidase elevations. Although laparotomy itself serves as a control for 
a part of the surgical trauma, the extensive sectioning involved in removal of 
60 per cent of the liver, as well as the vast physiological upheaval resulting from 
such an ablation, adds considerably to the total trauma of the hepatectomized 
mice as compared with those that were laparotomized. If the trauma induced 
by partial hepatectomy serves as a persistent non-specific stimulus for adrenal 
cortical secretion, adrenal hypertrophy should result (22). Table II, therefore, 
presents the weights of pairs of adrenals from individual animals, expressed 
per unit body weight. A small adrenal enlargement can be seen in the hepatec- 
tomized mice compared to their laparotomized controls; this hypertrophy, 
however, is inconsistent. (p Values are < 0.01, > 0.40, 0.01 to 0.02, > 0.50, 
0.02 to 0.05 for 1, 2, 3, 5, and 9 days respectively after hepatectomy). Whether 
this minor adrenal hypertrophy could be responsible for the marked xanthine 
oxidase elevations obtained during the first 5 days of regeneration remains 
uncertain. Adrenal weights of laparotomized mice are not significantly different 
from those of the unoperated controls at any time interval. 


DISCUSSION 


Regenerating liver is clearly not a suitable system for either the true induc- 
tion of xanthine oxidase by its substrate, nor the selection of cells rich in xan- 
thine oxidase, despite the fact that the liver cells are proliferating and devel- 
oping in a xanthine-rich milieu. However, the fact that regenerating liver itself 
is shown to possess a high xanthine oxidase concentration may preclude any 
further elevations by exogenous inductors. 

In this study considerable elevations in xanthine oxidase levels of mouse 
regenerating liver are evidenced, whether the xanthine oxidase activity is ex- 
pressed per unit wet tissue weight, per unit nitrogen, or per cell. This finding 
differs from that of Greenstein (13), who reported the xanthine oxidase activity 
in rat regenerating liver to be lower than in resting liver. It is not unreasonable 
to expect interspecies differences in the enzyme patterns of regenerating liver. 
A recent report, however, describes the elevation of liver xanthine oxidase 
levels during regeneration following carbon tetrachloride administration to 
rats (27). 

It has been shown that dietary deficiencies produce sharp declines in liver 
xanthine oxidase levels (16-18, 28). It is quite significant, therefore, that al- 
though the hepatectomized animals probably had a low food intake after the 
surgical trauma and showed significant body weight loss and depletion of total 
hepatic nitrogen, the xanthine oxidase activity in regenerating liver neverthe- 
less was elevated. 





bl 


=a SS Ses | HO Se. 


M. FEIGELSON, P. FEIGELSON, AND P. R. GROSS 241 


RNA and DNA are synthesized at greater rates in regenerating than in 
resting livers (4, 9, 17, 19, 21, 26). It is apparent that liver xanthine oxi- 
dase activity and nucleic acid synthesis follow parallel courses during liver re- 
generation, and consequently that a causal relationship may exist between 
these phenomena. Support for such a contention is found in the work of Din- 
ning (6, 7) who reports that a vitamin E deficiency in rabbits promotes a con- 
siderable increase in both liver xanthine oxidase level and nucleic acid turn- 
over. It is possible to postulate a mechanism whereby the augmented nucleic 
acid turnover in regenerating liver may be responsible for elevated xanthine 
oxidase levels via adaptive enzyme formation induced by the purines provided 
by the increased nucleic acid turnover. Compatible with this proposal is the 
report of Begg and Burton (3) who demonstrate a xanthine oxidase elevation 
in protein-depleted animals in response to dietary administration of nucleic 
acids. In this way, high levels of xanthine oxidase in regenerating liver may 
partake in carrying the increased catabolic load due to the elevated nucleic 
acid turnover in this tissue. Conversely, it may be suggested that xanthine 
oxidase, although traditionally considered to be a catabolic enzyme, may play 
a role in implementing nucleic acid synthesis. 
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ENTRANCE OF WATER INTO HUMAN RED CELLS UNDER 
AN OSMOTIC PRESSURE GRADIENT* 


By VICTOR W. SIDEL anp A. K. SOLOMON 
(From the Biophysical Laboratory of Harvard Medical School, Boston) 
(Received for publication, April 15, 1957) 
ABSTRACT 


A new technique to determine the rate of water passage through the membrane 
of the human erythrocyte under an osmotic gradient has been developed. It utilizes 
a rapid mixing apparatus of the Hartridge-Roughton type which permits measurements 
at short intervals after the reaction has begun. This is coupled with a light-scattering 
device of new design which permits the determination of very small changes in volume 
of the cells without disturbing them. With this technique it was possible to measure 
the change in volume of freshly drawn human erythrocytes after about 50, 100, 155, 
and 215 msec. of exposure to anisotonic media. The experimental curves were com- 
pared with theoretical curves derived from accepted equations for the process and a 
permeability coefficient of 0.23 + 0.03 (cm.‘/osm., sec.) was obtained. 


The present study has been undertaken to measure the rate of water entrance 
into human red cells under an osmotic pressure gradient. This rate has been 
measured previously by Jacobs (1) for red cells of the ox and man using the 
technique of hemolysis time measurement. Recently, however, Jacobs (2) 
has criticized these earlier measurements on the grounds that delays in rupture 
of the cell lead to permeability constant values that are too low. The present 
measurements have been made by a different method, which depends on volume 
changes smaller than those which produce hemolysis. A modification of the flow 
method of Hartridge and Roughton (3) permits observation of cell size at inter- 
vals of 47, 99, 155, and 216 milliseconds after the cells have been exposed to a 
variety of anisotonic media; the cell volume in the flowing solution is measured 
by the intensity of 90° scattered light, a modification of the method used by 
Orskov (4) and Parpart (5). Equations developed by Jacobs (6) have been used 


to determine the rate of water entrance into human red cells from the measured 
cell swelling curves. 


Equipment 
Whole blood was mixed with one of four salt solutions in a mixing chamber as shown 
schematically in Fig. 1. Gas (5 per cent CO,-95 per cent air) under a pressure of 
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about 5 pounds/in.* was used to propel the mixture into the light-scattering chamber 
at a velocity of about 200 cm./sec. The scattering chamber was illuminated with a 
beam of white light, and the intensity of the light scattered (and reflected) at an angle 
of 90° to the incident beam was measured by a photomultiplier. The blood was finally 
exhausted into a graduate in which the flow rate could be measured with a stop-watch, 

All the glassware which came in contact with blood cells was siliconized as routine 
before use. The 500 ml. bottle containing the blood suspension was placed on a mag. 
netic mixer, and constantly stirred during the experiment. The bottle was carefully 
shaken by hand immediately before the beginning of each experiment to ensure that 
the mixture was of uniform composition. 

The propelling gas was admitted to the four 100 ml. burettes which contained the 
salt solutions through glass tubes that extended to the bottom of the burette, thus 
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Fic. 1. Schematic diagram of apparatus. 


providing a constant flow of fluid independent of the fluid level in the burette, as in 
Mariotte bottles. 

The fluid was led from the various containers to the valve assembly through poly- 
ethylene tubing of 2.7 mm. diameter. Stop-cocks could not be used for valves because 
they could not be opened instantaneously to a reproducible position, and because the 
grease occasionally occluded the bore causing the rates of flow to differ. To obviate 
this difficulty, a special valve was constructed using the valve stem from a Hoke No. 
456 toggle valve as the actuating mechanism. The details of the assembly are shown in 
Fig. 2. The four nuts were adjusted to equalize the flow rate for each of the four test 
solutions. Two valves could easily be opened or closed simultaneously, and the flow 
through the valve, once adjusted, remained constant for many months. After a great 
deal of use, the polyethylene tubing hardened, and a different segment was then moved 
under the valve. An additional clamp was needed on the tubing carrying the blood 
suspension to throttle the blood flow down to produce a final mixture containing two 
parts of test solution to each part of blood suspension. 

The mixing chamber was constructed after the chamber used by Hartridge and 
Roughton (their model 4); it is shown in Fig. 2. 

Lucite or polyethylene tubing of 0.20 to 0.22 cm. internal diameter connected the 





VICTOR W. SIDEL AND A. K. SOLOMON 245 


mixing chamber to the scattering chamber. Interchangeable segments were available 
in lengths ranging from 5 to 50 cm.; these were attached to the chambers with quick 
change flanges which were clamped together with spring clamps (A. H. Thomas, 
No. 3241, size 18). Four or five thicknesses of parafilm made a satisfactory gasket. 
The scattering chamber is shown schematically in Fig. 3. It was made from a | 
inch right angle prism by the A. D. Jones Co. who bored and polished the 0.218 cm, 
diameter hole. The hole was countersunk at each end to provide flanges by which it 
could be clamped to the tubing. On the top a portion of the prism was cut away and 
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Fic. 2. Left, dimensioned drawing of mixing chamber. Right, side view of single 
toggle valve, and top view of over-all toggle valve assembly. 
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Fic. 3. Schematic drawing showing details of light-scattering chamber and light 
path. 


the surface was roughened to avoid the reflection of scattered light into the optical 
detector. The truncated prism made an ideal scattering chamber, since the 45° rear 
surface reflected the transmitted light out of the system. 

The light source was a Westinghouse T-8 sound reproducer bulb with a horizontal 
linear filament (C-6) which was operated from the A.c. supply through a Variac and 
constant voltage transformer. The light from one side of the bulb passed through a 
photographic iris and two Wratten A (No. 25) filters before falling on an RCA 931A 
photomultiplier. In the other direction the light passed through a condenser (American 
Optical No. 3801-856/520), and three parallel slits before entering the scattering 
chamber. The detector, positioned at 90° to the incident light, was also an RCA 931A 
photomultiplier and was well shielded from extraneous light sources. 

The photomultipliers were operated at about 700 volts, and the light intensity to 
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both tubes was matched crudely with the attenuating filter and iris in front of the 
compensating photomultiplier. The output from the tubes was led into a differentia) 
amplifier, from which the difference signal was fed into an Esterline-Angus 1 ma 
recorder. 


Experimental Method 


Blood was drawn from young normal adult human beings into a siliconized 
flask and mixed with heparin (Lederle, 1000 units/ml.; 5 ml./liter blood). All 


TABLE I 
Composition of Solutions 





Test solutions 
Buffer 








NaCl 

MgCl;-6H:0 

CaCh 

Na:HPO,-7H;0 

NaH;PO,-H,0 

KCl 

Na:CO; 

Osmolarity* (m.osM/liter) 

After mixing 1 part cells in 
buffer to 2 parts test so- 
lution, total osmolarity* 
(m.osM/liter) 290 150f 440 

Letting Ciso (buffer) = 1, 
Ciso = 1.0 0.52 0.76 1.51 




















* Measured by freezing point depression (Aminco-Bowman apparatus), using NaC! 
standards with osmolarity corrected for activity coefficient. The values of 287 m.osm for 
an isotonic solution given in this line, and 290 m.osm given in the line below, represent 
two different experimental measurements and agree within experimental error. 

t Calculated, with corrections for activity coefficients. 


blood was used within 6 hours after drawing. Immediately before the start of an 
experiment, the blood was suspended in normal buffer whose composition is 
given in Table I (1 part of blood to 2.3 parts of buffer) and aerated with 5 per 
cent CO,-95 per cent air, to bring the pH to 7.4. The first burette was filled 
with normal buffer and the other three burettes with solutions of varying to- 
nicity. These solutions differed from buffer only in the amount of NaCl they 
contained; their composition is given in Table I. The osmolarity has been nor- 
malized to the salt concentration normally found in human blood, so that a 
value of Ciso = 1.0 corresponds to a solution containing 287 milliosmols/liter. 
The values of Ciso given in the bottom line of Table I are those which obtain in 
the solution after it flows out of the mixing chamber. 
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Experiments were performed by setting the scattering chamber at the short- 
est distance from the mixing chamber and allowing each of the anisotonic test 
solutions to mix in turn with the blood suspension. Then the mixing chamber 
was displaced from the scattering chamber by the introduction of an additional 
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LCLELITLLIELT I 


Ceo ™ 0 Ciso = 15 Ciso = o75 Cigg = 1.0 Cio = 0.5 Cisgo = 10 





G@ummmme 20 = «(DURATION OF FLOW 


Fic. 4. Recorded performance of light-scattering device during a typical experiment 
at 155 msec. after mixing. The record runs from right to left. The heavy blocks at the 
bottom denote periods of solution flow, at the indicated relative concentrations of sus- 
pending medium. For the purposes of discussion the record will be divided into six 
periods, corresponding to the time interval between the initiation of flow of one mix- 
ture, and the initiation of flow of the succeeding mixture. 

1. (Cio = 1.0). After initiation of flow, it takes 1 to 2 seconds for the recorder to 
come to equilibrium. The shift in signal when flow is stopped is constant and char- 
acteristic of the system. 

2. (Ciso = 0.5). The pulse following the onset of flow is an artifact caused by not 
turning both valves on simultaneously. When flow is stopped at this concentration, 
the cells continue to swell until hemolysis occurs, as shown in the figure. 

3. (Cisco = 1.0). Return to original baseline indicating constancy of response. 

4. (Cisco = 0.75). At this concentration, it will be seen that the cells have swollen 
to about half the value observed when Ciso = 0.5. When flow is stopped, the cells 
swell to an equilibrium value short of hemolysis. 

5. (Cisco = 1.5). At this concentration, the cells are seen to shrink. 

6. (Ciso = 1.0). Return to original baseline. 


segment of path length, and the measurements were repeated. Observations 
were made at four separate times, approximately 47, 99, 155, and 216 msecs. 
after mixing. Normal buffer solution was used as a baseline at the beginning, in 
the middle, and at the end of the run at each distance. The response of the 
system to solutions of different tonicities is illustrated in Fig. 4 which shows the 
response of the system at the 155 msec. period. 
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RESULTS AND DISCUSSION 
Equipment Performance 
Mixing Efficiency.— 


The efficiency of mixing was measured with red cells labelled with Cr# by 
the method of Gray and Sterling (7). For this purpose, the scattering chamber 
was replaced with a modified observation tube of the usual diameter, A 2 
gauge needle was inserted along the axis of the observation tube so that samples 
of fluid could be taken near the back wall of the mixing chamber, at the exit 
from the mixing chamber, and 3 cm. away from the exit. The mixing efficiency 
was calculated as the ratio of the Cr® radioactivity per unit volume of collected 
fluid to the Cr® radioactivity per unit volume of effluent fluid after equilibrium 
had been established. At all the observation points, as shown in Table II, the 


TABLE II 
Mixing Efficiency 





Flow rate Position of needle Mixing 





om./sec. per cent 
221 Back wall of chamber 100.1 
221 Exit of chamber 97.3 
221 3 cm. from exit 100.1 
143 Exit of chamber 98.1 











number of red cells per unit volume was within 3 per cent of the final equilibrium 
concentration. 


Flow Rate Measurement.— 


As the length of segment between the mixing chamber and the scattering 
chamber increases, the flow rate decreases. Consequently, the flow rate was 
measured at all four distances used, by timing the flow of a measured volume 
with a stop-watch. The volume flow rate may then be converted to a linear flow 
rate by dividing by the cross-sectional area of the tubing. Unfortunately, the 
internal diameter of the tubing varied from 0.20 cm. to 0.22 cm. The average 
value has been taken as 0.21 + 0.01 cm., which leads to a calculated cross- 
sectional area of 0.034 + 0.003 cm.’. Since the longer lengths were made up by 
a random choice of shorter segments, the 9 per cent error in tubing cross-sec- 
tional area is considered to be a random error. 

The reaction time may be obtained from the linear flow rate and the distance 
from the mixing chamber to the scattering chamber, which includes the equiva- 
lent length of the mixing chamber. The latter is determined from the equation 
given by Hartridge and Roughton (3): 


lL, = tmtLm/ to (1) 
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in which 7 is the radius, L,, is the length of the mixing chamber, and r, is the 
radius of the flow tube. L,, the equivalent length of the present mixing chamber, 
is 4.4 cm. This, added to the irreducible minimum distance associated with the 
scattering chamber, gives 10 cm. as the minimum equivalent length, which 
represents a time interval of 47 msec., at a pressure of 5 pounds/in.*. The added 
variable segments of 10, 20, or 30 cm. length correspond to increasingly large 
increments of time due to the slower flow rate at greater lengths. Flow rates 
varied from a minimum of 185 cm./sec. to a maximum of 214 cm./sec. 

The use of Equation 1, which assumes that mixing is complete as soon as the 
solutions enter the mixing chamber, is probably justified, since Table II shows 
that mixing is apparently complete at the back wall of the mixing chamber. 
Furthermore, since the equivalent length of the mixing chamber is only 44 per 
cent of the minimum distance to the scattering chamber, uncertainties due to 
the use of Equation 1 are reduced even at the minimum length, and rapidly 
become unimportant as the length is increased. 

The length of the scattering chamber is 2 cm. which represents a possible 20 
per cent uncertainty in the time of observation at the closest distance, and a 
decreasing uncertainty at longer distance. If the entrance of water into the cell 
is linear with time, the distance to the center of the observation chamber is an 
accurate measure of the time of reaction, since the variations on either side 
cancel when the response is integrated over the chamber length. Since, as will be 
seen from Fig. 8, the observed deviation of the reaction rate from linearity is 
very small over such a short time interval (approximately 10 msec.), it may be 
assumed that the time uncertainty arising from the finite length of the observa- 
tion chamber can be neglected. 


Nature of Flow.— 


The critical velocity, u., to obtain turbulent flow in the system may be calcu- 
lated from Reynolds’ formula: 


Me = 1000 »/pr, (2) 


in which 9 is the viscosity in poises of the suspension, p is the density 
in gm./cm.', and #, is the radius of the scattering tube in centimeters. The vis- 
cosity of the suspension is obtained from an extrapolation of the data given by 
Coulter and Pappenheimer (8) for the apparent viscosity (at room temperature) 
of bovine blood just below turbulence at hematocrit values ranging from 0.18 
to 0.53. On the basis of a hematocrit value of 0.05, a viscosity of 0.018 poise, and 
a density of 1.0. the critical velocity is found to be 165 cm./sec. Since the mini- 
mum velocity of flow (obtained at the longest distance in the early experiments) 
was 185 cm./sec., it seems likely that the flow was turbulent, though the un- 
certainties in the Reynolds’ number for blood suspensions (8) do not lend assur- 
ance to this small difference. 

In order to examine this point in more detail, an experiment was carried out 
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in which flow rate was measured as a function of the pressure applied. The re- 
sults of this experiment, shown in Fig. 5, show that the flow bears a linear rela- 
tion to the square root of the pressure, down to a flow rate of 162 cm/sec. 
which is lower than any rates used in the present experiments. Such a result is 
consonant with turbulent flow, and different from that produced by laminar 
flow, in which a linear relationship exists between flow and pressure. 


Light Scattering as a Measure of Cell Volume.— 


A special set of buffers was prepared covering the full range of osmolarity 
used in these experiments. Human red cells were suspended in the buffers at a 
concentration of one part whole blood in 10 parts total suspension—the same as 
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Fic. 5. Flow rate as a function of (pressure)'/* The relationship is linear down to a 


flow rate of 162 cm./sec., which is lower than any flow rates used in the determination 
of the permeability coefficient. 








used for the final experimental mixture. After the cell volumes in the suspensions 
had come to equilibrium, the suspension was passed through the scattering 
chamber at the normal flow rate. An independent measurement of cell volume 
was made on the effluent fluid using Goetz pear-shaped centrifuge tubes (Kim- 
ble 45250), which are well adapted for the measurement of small volumes of 
cells in the presence of large volumes of buffer. The blood was centrifuged at an 
acceleration of 1021 g for 30 minutes. The calibration of the tubes was checked 
with weighed volumes of mercury. Fig. 6 shows two calibration curves giving 
the current in the recorder as a function of cell volume. The difference in the 
curves reflects a different sensitivity in the two experiments. Since each experi- 
ment is calibrated internally, constant sensitivity is not required; it is only 
necessary that the relationship between cell volume and meter reading be linear 
in each experiment. 

When the flow is stopped during the normal course of an experiment, the cell 
volumes rapidly come to their equilibrium values, as can be seen from Fig. 4. 
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The equilibrium levels of the stopped flow mixture for Cj,. = 0.75 and Cis. = 
1.5 have been used to provide the internal calibration. Since the relationship 
between cell volumes and recorded signal has been shown to be linear over the 
present range of tonicities, these two points suffice to determine all the cell 
volumes in a given experiment. The details of the measurement of exact cell 
volumes for solutions of these tonicities will be discussed below. 

Since this method of calibration uses results from stopped flow measurements 
to calculate volumes obtained during flow, the influence of cell settling on the 
results was investigated more fully. From Fig. 4, it can be seen that the cells 
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Fic. 6. Calibration curves showing recorder current as a function of cell volume. 
Each curve represents a single experiment, and the difference between the curves shows 
a shift in sensitivity between experiments. Since each experiment is calibrated in- 
ternally, it is not necessary that the sensitivity remain constant. 








require less than 5 seconds after flow has stopped to reach their equilibrium 
volume. Observations for longer times indicate that the effect of cell settling 
upon the scattered light intensity is a relatively slower process. Typically, the 
measured signal, under stopped flow conditions, changes uniformly at a rate of 
about 0.0025 ma./sec. in the direction of cell swelling, independent of the NaCl 
concentration of the test solution. Since the difference between the volumes for 
Ciso = 0.75 and 1.5, rather than the absolute values, is used for the calculation 


of the cell volumes in an experiment, it appears that the effect of cell settling 
can be neglected. 


Theoretical Considerations 


Durbin, Frank, and Solomon (9) have given the following equation to de- 
scribe net water flow due to the combined effects of bulk flow and diffusion 
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across an idealized membrane composed of circular pores, of uniform radiys 
perpendicular to the plane of the membrane: 


A = Ag+ A, = An (A,/Ax) (D.Vi./RT + 12/8 ) 
in which 


A = net flow in milliliters of water per unit time 

Aa, Ay = net flow due to diffusion and bulk flow respectively 

d = practical osmotic coefficient 

Ar = RTAC, the van’t Hoff equation (R the gas constant; T the absolute 
temperature; AC the concentration difference, expressed in osmolar 
units) 

fhe = total pore area for water (cm.*) 

Ax = pore length (cm.) 

r = pore radius (cm.) 

Dw, Vw; Me = respectively, diffusion coefficient, partial molal volume, and viscosity 
of water. 


If we assume that conditions are ideal, @¢ = 1, and the van’t Hoff relation holds, 


A = AC(A./Ax) (DeVoe + PRT /8N «) (4) 


In the case of the human red cell, placed in a solution containing non-penetrat- 
ing solutes only, 


A => aV,,/dt 
AC=C-Ch 


in which V, is the volume of cell water, expressed in milliliters and C and C,, 
are the concentration of solutes within the cell, and the medium respectively, 
expressed in osmols/ml!. As water enters the cell, C will vary as follows: 


C = CoV wo/ Veo 6 
in which the subscript o refers to initial conditions. Equation 4 then becomes 
dV./dt = (Aw/Ax) (DeVw + PRT /8Nw) (CoVeo/Vw — Cm) (7 


Equation 7 is equivalent to that given by Jacobs (Reference 6, Equation 2) to 
describe the entrance of water into cells in the absence of penetrating solute. 
Jacobs’ equation, with a slight change of symbols, is 


(dV ~/dt) = PA (CoVe0/ Veo ~~ =n) 
from which it can be seen that 
Po = [(DeVe + PRT /8~)/Ax}(Aw/A) [cm.*/osm., sec.] 9 


Since A, is not, in general, known, Jacobs has expressed the area in terms of 4, 
the total membrane area, and the last factor on the right of Equation 9 has been 
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introduced to conform with this usage. As Jacobs (1) has pointed out, the area 
of the cellular membrane remains constant over wide changes in cell volume. 
Treating A as a constant, Equation 8 may be integrated to give 


oV ue cal aVeo 
p= [eve in GV = Gam 


= — m Ve ames Veco (10) 
PeACn? | Tee tg | 


Since it is more convenient to express concentrations in units of Cj,o, the iso- 
tonic concentration, and volume in terms of V., the cell volume, the follow- 
ing transformations are carried out: 


Ciso= Cn/Co (11) 
Ve = Veo(1 _ W ets) + Ve (12) 


Wet: is the cellular water which apparently participates in osmotic phenomena, 
expressed as a fraction of the cell volume. Setting AV. = V. — V... Equation 
9 becomes, 





- (13) 
i- Ciso(1 + AV./WetVeo) WettVeo 


! W ettVeo 5 Ge CisoAVe 
PwACinoCe 


or convenience, set 


P= ne (sec.)— (14) 
Equation 13 has been evaluated for the three experimental Cj,.’s used (0.5, 
0.75, 1.5) and a range of P,’s from 1.0 to 4.0. 

There is a great body of experimental evidence, summarized by Ponder (10), 
which suggests that the human red cell acts osmotically as if an appreciable 
fraction of the cell water were not free to participate in osmotic phenomena. 
Consequently experiments have been carried out to relate the volume of cells 
at equilibrium to the osmolarity of the suspending medium, and thus to deter- 
mine Ws, the osmotically active cell water, under the present experimental 
conditions. Ponder’s equation relating these variables in dilute suspensions is 
equivalent to the one given below 


Ve/Veo = 1 + Wesr(1/Ciso— 1) (15) 


The results of one such experiment are presented in Fig. 7, in which measured 
cell volume is plotted against (1/Ciso — 1). The cell volumes were measured 
using the special hematocrit tubes and centrifuge described by Gold and 
Solomon (11). The slope of the curve gives a value of 0.46 for Wt. Since Hald 
et al. (12) give a value of 722 gm./liter red cells for the water content of the 
human red cell, only 64 per cent of the cell water appears to be free to partici- 
pate in osmotic phenomena. This figure, though a little low, lies in the normal 
range of previous data, as summarized by Ponder (10). The reason for this pecu- 
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liar behavior is still not clear, and as Ponder (13) describes in a recent review, 
arguments have been advanced to account for it both on the basis of “bound” 


water (water of hydration of the proteins), and rigidity of the cellular mem. 
brane. 


Measurement of Permeability Coefficient 


The time course of the volume change in a typical experiment is shown in 
Fig. 8. The figures for signal change in milliamperes are obtained from the 
arithmetical difference between the signal obtained with the test solution and 
that obtained with the isotonic buffer, which served as the baseline for each 
distance. As can be seen from Fig. 4, the baseline is essentially constant through- 
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Fic. 7. Cell volume as a function of the salt concentration in the suspending medium. 


out a run at any given distance; as the distance is changed, it varies less than 
0.01 ma. 

It will be noted that none of the extrapolated curves goes through zero at 
zero distance. Shifts such as those shown in Fig. 8 represent a constant and 
characteristic feature of the experiments. Indeed the crossover point of the 
three curves is relatively constant, occurring usually at a time of 30 to 40 msec. 
after mixing. The shift cannot, however, be ascribed to a delay in mixing, since 
the experimental results given in Table II show that mixing is almost instan- 
taneously complete. Although the ionic environment in which the cells find 
themselves at the instant of mixing varies only with respect to NaCl concentra- 
tion (and pH), all other constituents being kept constant, the changes both in 
NaCl concentration and in ionic strength are appreciable. We have tentatively, 
therefore, ascribed the zero time shift to the changes in NaCl concentration, 
but have no suggestions to put forward as to the detailed mechanism respon- 
sible. 

It is necessary to convert to units of time and isovolume (the ratio of observed 
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cel] volume to the initial cell volume) in order to obtain permeability coefficients 
from data similar to those given in Fig. 8. Since the response of the instrument 
is linear over our concentration range, the isovolume conversion can be made 
directly from the stopped flow equilibrium signals for Ciso = 0.75 and 1.5, and 
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Fic. 9. Fit of the observed experimental data, after conversion to units of iso- 
volume and time, to the theoretical curves. Theoretical curves (according to Equation 
13) are shown for P, values of 2.0, 2.5, and 3.0/sec. The experimental points represent 
three runs in the same experiment at Ciso = 0.5. 


the measured isovolumes at these tonicities, which are 1.15 and 0.85 respec- 
tively (Fig. 7). Data from a typical experiment, converted to these units, are 
presented in Fig. 9, which represents the results of three runs in the same experi- 
ment on the same sample of blood at Ciso = 0.5. 

P, is next determined by superposing the time curves, calculated according 
to Equation 13, on the experimental data. The best fit is then chosen by eye, 
lining up the time scale exactly, but translating the isovolume zero to give the 
best fit. Curves have been calculated for P, values of 1.0, 2.0, 2.5, 3.0, and 
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4.0/sec. In Fig. 9, the curves for P, values of 2.0, 2.5, and 3.0/sec. are shown 
with the data, and it is clear that the value of 2.5/sec. represents the best fit to 
the data. Parenthetically, it might be observed that the fit of the curves to the 
data is almost completely independent of the value of W ots in the range of 0.46 
to 0.72. The results of twenty determinations in eight experiments on young 
adults (seven male, one female (E. S.)) are presented in Table ITI. 

The value of P, is found to be 2.9 + 0.3/sec. The major component of the 
error results from the process of fitting the experimental data to the calculated 
curves. Since the interval between calculated curves is, in the region of interest, 
0.5/sec., a value of + 0.25/sec. has been assigned to the scale factor error. The 
next most important source of error is the uncertainty in the diameter of the 


TABLE III 


Measurement of P, 





| Temperature 








iota 
= 


24 
23 
24 
26 
26 
25 
26 

















aPmevV%enrs 


1 S. 
2 a 
3 D. 
4 E. 
5 A. 
6 D. 
7 ‘Be 
8 R. 





Average (+ standard deviation) 





tubing leading from mixing chamber to scattering chamber, which introduces 
a 9 per cent error. When these two errors are combined according to the usual 
rules, they yield an error of 0.36/sec., which is in reasonable agreement with the 
value of 0.34/sec., the calculated standard deviation of the results presented in 
Table III. This agreement suggests that the other sources of random error are 
relatively unimportant. 

On the basis of the value for P,, P,, may be calculated to have a value of 
0.23 + 0.03 (cm.‘/osm., sec.). The unit is a measure of the cm.’ of water that 
will enter, in 1 second, 1 cm.? of cell surface exposed to a concentration difference 
equivalent to 1 osm./cm.*. The present figure is larger than that previously 
given by Jacobs (1), which when converted to the same units, is 0.13 to 0.15 
(cm.*/osm., sec.). The difference is in accordance with Jacobs’ (2) suggestion 
that his earlier values may have been too low. 

A wide variety of other units have been used for the expression of P,. Thus, 
the present value may be expressed in Jacobs’ units as 0.095 y*/(y?, atm., sec.), 
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or in Pappenheimer’s (14) units as 0.92 XK 10-* cm.*/(cm.’, cm. H,O, sec.). It 
can also be expressed in terms of a single red cell, as 1.5 X 10~“ cm.*/(red cell, 
cm. H,O, sec.). These various alternative units differ only in respect to the 
units of length, and the choice of driving force; all show that the water enters 
very fast. If a 1 cm. H,O pressure gradient were maintained across a single red 
cell, it would swell to double its volume in 0.54 sec. 

In sum, a new method has been developed to measure the rate of entrance 
of water into a human red cell under an osmotic pressure gradient. The data 
thus obtained are essential to the determination of the ‘“‘equivalent”’ pore radius 
of the human red cell (Paganelli and Solomon (15)). The further importance of 
the method lies in its ability to determine, for other cells as well as the human 
red cell, that physical constant which describes the major response of the cell 
to an applied osmotic pressure gradient. 
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THE RATE OF EXCHANGE OF TRITIATED WATER ACROSS 
THE HUMAN RED CELL MEMBRANE*: t 
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ABSTRACT 


The flow method of reaction rate measurement has been adapted to the determi- 
nation of the rate of diffusion of water into the human red cell. In seven experi- 
ments the half-time for diffusion exchange has been found to be 4.2 + 1.1 msec., 
which is equivalent to a diffusion flow of 8.6 X 10-* ml. H,O/(sec., red cell). This 
figure has been compared with the rate of water entrance under an osmotic pressure 
gradient, and has been found to be smaller by a factor of 2.5. The difference between 
these two rates of water entrance has been interpreted as indicating the presence of 
water-filled channels in the membrane. An estimate of the equivalent radius of these 
channels (on the assumption of uniform right cylindrical pores) leads to a value of 
35 A, which is viewed as an operational description of the resistance offered by the 
membrane to the passage of water. 


The present experiments were undertaken to measure the in vilro exchange 
rate of water across the human red cell membrane under isotonic conditions, 
using tritiated water (THO) as a tracer. To determine the time course of this 
rapid exchange, a flow method was devised, based on the principles developed 
by Hartridge and Roughton (1), Dirken and Mook (2), and Chance (3). 
Freshly drawn, heparinized, whole blood or fresh red cell suspensions were 
mixed with an isotonic red cell buffer containing THO, and the rate of uptake 
of the THO by the cells was followed. The rates of entrance of water by dif- 
fusion and by osmosis were then used to calculate an equivalent pore size for 
the red cell membrane. 


Experimental Method 
Principles. — 


A suspension of cells and tritiated, isotonic buffer is mixed and forced down an 
observation tube. As the mixture flows down the tube, the non-labelled intracellular 


* This study was supported in part by the Atomic Energy Commission. 

tA preliminary report appeared in Fed. Proc., 1956, 15, 140. 
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water and the labelled extracellular water start to exchange. The extracellular Water 
is sampled at intervals along the tube through filters which red cells cannot pass 
The samples of labelled filtrate, each representing a certain time of exchange, ar 
analyzed for their tritium content, and a kinetic curve, showing the fall in concen. 
tration of labelled water as a function of time, is plotted. A schematic diagram of the 
flow system is shown in Fig. 1. 


Details of Construction.— 


(a) Reagent Containers——The reagent containers are 1500 mil. stainless sted! 
beakers fitted with tops made of 34 inch brass plates. The plates are screwed down 
against No. 53 O-rings to form a pressure seal. A Hoke No. 306 needle valve is fitted 
to one plate and serves as a pressure release. No. 6 gauge stainless steel tubing (0.203 
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Fic. 1. Schematic drawing showing flow system. Gas under pressure forces the 
tritiated buffer and the red cell suspension through the open toggle valves into the 
mixing chamber. After mixing the fluid flows at a velocity of about 9.5 meters/sec. 
through the filtration chamber into the graduate where the effluent fluid is collected 
Four samples are taken during flow through the filtration chamber. 


inch outer diameter, 0.015 inch wall thickness) is hard soldered to the plates to form 
outlets for the flow solutions. }4 inch copper tubing connects the tank of 95 per cent 
air, 5 per cent CO, to the beakers. Two pieces of vinyl tubing (4 inch inner diameter 
4¢¢ inch wall thickness) which pass through the special toggle valves shown in detail 
in Fig. 2, connect the ends of the stainless steeel tubing to the jets of the mixing 
chamber. 

(b) Mixing Chamber—The mixing chamber, shown in Fig. 2, is machined from 
a 3¢ inch lucite sheet and all the machined surfaces are polished. Its dimensions are 
given in Fig. 2. 

(c) Filtration Chambers.—Fig. 3 shows the design of the filtration chamber used in 
the present experiments. A piece of No. 12 gauge stainless steel tubing (0.085 inch 
pony diameter, 0.012 inch wall thickness) is imbedded lengthwise in a lucite block 

14 inch X 1 inch X 5%¢ inch. Four cylindrical surfaces of 1449 inch radius are milled 
at 2 cm. intervals into the lucite and the wall of the tubing until the wall is very 
thin. Then four 14, inch holes are drilled through the tubing wall at the thin spots 
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In this way, practically no dead space, in which stagnant fluid might accumulate, is 
left between the filters and the flowing solutions. Seven mm. circles of Millipore 
‘iter paper (0.8 w pore diameter, Aerosol Assay, Millipore Filter Corporation, 
Waltham, Massachusetts), backed by circles of ordinary filter paper (Whatman 
No. 42) for mechanical strength, are placed in position over the holes of the tube. 
They are held down tightly by segments of cylinders of !4¢ inch radius, which are 
bolted to the lucite block, as shown in Fig. 3. Holes in the segments permit passage 
of fuid through the filters. With this arrangement, four samples can be filtered simul- 
taneously, and thus a single experiment provides sufficient data for four points on a 
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Fic. 2. Top, side view of mixing chamber. Center, top view of mixing chamber. 
Bottom, detail showing toggle valve. 


kinetic curve. The filtration chamber produces a total of about 0.1 ml. filtrate from 
500 ml. of reactants. 

(d) Sampling Pipettes—The filtration chamber is fastened to the mixing chamber 
hole-side downward in normal use, and four capillary pipettes are placed with their 
tips close to the holes. Thus as fluid is filtered, it is drawn into the pipettes by capil- 
lary attraction. The pipettes are mounted on the stage of a misco rack-and-pinion 
micromanipulator to facilitate their positioning. 


Experimental Procedure.— 


. Three basic types of flow experiments were performed: (1) whole, heparinized 
blood (sodium heparin, Lederle, 10 mg./ml.; 0.5 ml. added to 100 ml. blood) was 
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allowed to exchange with an 0.9 per cent solution of NaCl made up with THO, (2) 
500 ml. of whole, heparinized blood were centrifuged for one-half hour at 890 g, and 
the bulk of the plasma was removed. The “packed” cells (hematocrit reading around 
0.8) were allowed to exchange with their own plasma to which about 0.1 ml. of THO 
of high specific activity had been added. (3) 500 ml. of whole, heparinized blood were 
centrifuged for one-half hour at 890 g, and about 200 ml. of plasma were removed. 
The plasma was replaced with 100 ml. of an isotonic phosphate-bicarbonate buffer 
whose composition is given in Reference 4, Table I. This enriched cell suspension 


(hematocrit reading about 0.6) was allowed to exchange with the same phosphate. 
bicarbonate buffer made up with THO. 
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Fic. 3. Detail showing filtration chamber. 








Tritium M easurement.— 


The THO in the filtrates was diluted by weight and assayed by the methane, 
proportional counting method of Robinson (5). The reproducibility of this method was 


checked by assaying a single sample of THO eight times. The results agreed to a 
standard deviation of +0.7 per cent. 


RESULTS 


Performance of Equipment 

(a) Efficiency of Mixing. —The efficiency of the mixing chamber was tested 
by using human red cells labelled with Cr“O,~ (obtained from Abbott Labora- 
tories, North Chicago, Illinois, as a solution of NazCr*'O,). A suspension of the 
labelled cells (hematocrit reading about 0.4) in 0.9 per cent NaCl was placed 
in one of the steel beakers of the flow system, and a solution of 0.9 per cent 
NaCl was placed in the other beaker. A 10 ml. hypodermic syringe barrel 
carrying a 26 gauge needle was mounted on a misco micromanipulator, and 
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che needle was inserted into the observation tube. Then the cell suspension 
and the NaCl solution were forced into the mixer and down the observation 
tube at 814 cm./sec. A sample of the mixture flowing down the tube was taken 
by applying a vacuum to the syringe barrel. In three separate experiments, 
samples were taken at the rear wall of the mixing chamber itself, at the orifice 
of the mixing chamber, and 1.6 mm. from the orifice. The cell suspension flowing 
from the end of the observation tube was also collected in each of the three 
experiments, and thoroughly mixed by shaking. The specific activities of the 
collected cell suspensions were determined in a well-type scintillation counter. 
The Cr@ concentration in the effluent suspension was used to represent 100 per 


TABLE I 
Efficiency of Mixing 





Position of sampling Time Mixing 











MSEC. per cent 
Back wall of mixing chamber..............| ~~ 78.2 
Orifice of mixing chamber es iy 82.3 
1.6 mm. from orifice of mixing chamber. 0.87 97.5 








cent mixing, and the percentage mixing at each sampling position in the ob- 
servation tube was calculated as 


Cr®! ¢ tration, l 
100 x oncentration, sampie 





Cr*! concentration, effluent 


Table I shows the results of these experiments. It will be seen that mixing is at 
least 97.5 per cent complete in about 0.9 msec. 

The time spent by the fluid in the mixing chamber must be taken into ac- 
count in computation of reaction times of the four filtered samples. For this 
purpose, the formula of Hartridge and Roughton (1) for the equivalent length 
of the mixing chamber was used: 


Ih = oa re” (1) 


in which Lo is the equivalent length of the mixing chamber in cm., 7,, is the 
radius of the mixing chamber (cm.), 7 is the radius of the observation tube 
cm.), and L,, is the length of the mixing chamber (cm.). Lo for the mixing 
chamber shown in Fig. 2 is 0.54 cm. This distance was added to the distance 
irom the mixing chamber to each of the four points of filtration when reaction 
times were calculated. 

(6) Nature of Flow in the Filiration Chamber.—The critical velocity for turbu- 
ent flow in the filtration chamber was calculated from the Reynolds formula: 


Me = 1000n/pro (2) 
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in which y, is the critical velocity in cm./sec., 7 is the viscosity in Poises, and 
p is the density in gm./cm.*. Coulter and Pappenheimer (6) have shown the 
validity of this equation for bovine blood at many different hematocrit read. 
ings. The following approximate values were used: » = 0.07 poise (the apparent 
viscosity of bovine blood just below turbulence; hematocrit reading = 053 
temperature = 28°C. (6)); ro = 0.109 cm., and p = 1.0 gm./cm+ With they 
values, ue = 640 cm./sec. In practice, this velocity was always exceeded by at 
least 200 cm./sec., so that flow in the filtration chamber was always turbulent. 


1200-- 


FLOW VELOCITY IN CM. / SEC. 





o¢ r 1 cecil 
.e) 6 8 


./ APPLIED PRESSURE IN LBS. / SQ. INCH 








Fic. 4. Pressure-flow curve for mixing chamber and observation tube. 


In addition, a pressure-flow diagram was plotted for the filtration chamber. 
The linear relation between flow rate and the square root of the pressure shown 
in Fig. 4 is typical of the turbulent flow; it would not have been obtained had 
there been laminar flow in the filtration chamber, which is characterized by a 
linear relation between flow and pressure. 

The steadiness of the flow rate was checked by repeated measurement of the 
volume outflow per unit time. In six trials, each lasting 6.0 sec., the volume 
outflow was constant to within a standard deviation of +2.4 per cent. 

(c) Memory Effects —To prevent memory effects caused by residual radio- 
activity, the entire flow system was repeatedly rinsed in distilled water after 
each experiment. The parts of the system which were not plastic were dried 
at 100°C. The plastic parts (mixing chamber and filtration chamber) were 
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gried in an air stream. The sampling pipettes, which were made from pyrex 
capillary tubing, were discarded after each experiment. These measures were 
sufficient to insure the absence of any appreciable memory. 


Hemolysis and Net Water Movement in Red Cells 


The degree of hemolysis of the effluent cell suspension was determined as 
routine in preliminary experiments with the flow system. Hemoglobin concen- 
tration, as measured on a Beckman model B spectrophotometer at 4160 A, 
was used as the measure of hemolysis. In five preliminary experiments, the 
degree of hemolysis averaged 0.3 per cent; accordingly, routine hemolysis 
measurements were discontinued after Experiment 7. Visual estimation of the 


TABLE II 
Changes in Relative Mean Corpuscular Hemoglobin Content (mchc) 





Relative mchc 


Experiment No. (Relative Hb content/volume of cells) a 





Before experiment After experiment 





per cent 
8 . ‘ +15.2 
9 ‘ ‘ —0.9 
10 : . +2.4 
11 : F —2.0 
12 ‘ ‘ +3.8 
13 , ‘ +5.4 














color of the red cell suspension medium after an experiment served to guard 
against gross hemolysis. 

Relative mean corpuscular hemoglobin concentration (mchc) determinations 
were made before and after each experiment as a check on the constancy of 
cell water content. The determination depended on hemoglobin analysis by 
the method outlined above, and hematocrit readings in standard Wintrobe 
tubes spun at 1610 g for 50 minutes. Table II shows the changes in relative 
mche which took place in the course of six experiments. These changes reflect 
water shifts occurring in the red cell; a positive change indicates cell shrinkage, 
and a negative change, cell swelling. A relatively large water movement was 
observed in Experiment 8, but in the remaining five experiments, the water 
shifts were small and of doubtful significance in view of the 1.9 per cent stand- 
ard deviation in the hemoglobin determinations (7). 


Mathematical Treatment of Data 


The equations to be presented describe the diffusion of tritiated water across 
the red cell membrane, subject to certain assumptions: (a) the cell interior and 
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the suspension medium behave as two well mixed compartments; (b) the cells 
neither gain nor lose water during a diffusion experiment; (c) tritiated water 
acts as an ideal tracer for ordinary water; (d) the radiation of the tritium mole. 
cules does not disturb normal cell processes. Under these conditions, the follow. 
ing equations may be used to describe the water exchange (8): 


dP 
a # —kp + kq 


P = fry 
potp = Pp + Gre 
In these equations, P is the amount of THO present in the suspension medium, 
tis time, & is a proportionality constant, p and g are the specific activities of the 
water of the suspension medium and the cell interior, respectively, », and », 
are the volumes of the suspension medium and the intracellular water, respec- 
tively, and po is the value of p at ¢ = 0. The assumptions given above require 
discussion and qualification to show that they are satisfied reasonably well in 
these experiments. 

(a) Assumption of Two Well Mixed Compartments.—The first assumption, 
as applied to the suspension medium, is subject to experimental proof. The 
evidence given in Table I shows the suspension medium to be well mixed, at 
least at 0.87 msec. after the reaction is initiated. The degree of mixing in the cell 
interior cannot be verified experimentally, but it is possible to calculate how 
rapidly diffusion alone would produce a given degree of mixing in the interior. 
Roughton’s (9) treatment of the diffusion of dissolved oxygen in the red cell 
interior has been adapted for this purpose. In this treatment, the red cell is 
considered as a plane liquid sheet. It is possible to show that a substance present 
on both sides of such a sheet diffuses into the sheet according to the equation: 


p 8 (Dx2/4b%) t (6 


—eil-—¢€ 


Po 


in which @ is the average specific activity of THO in the cell interior, pp is the 
initial specific activity of THO outside the cell, D is the diffusion coefficient of 
THO in the cell interior, 5 is the half-thickness at the center of the red cell, 
and ¢ is time. A value of D is necessary to calculate the time required for the 
cell interior to reach a concentration which is 90 per cent of jo. D is unknown, 
but may be estimated from the work of Wang (10) on the diffusion of H,0" 
into concentrated ovalbumin solutions. In a solution which was 24.5 per cent 
protein by weight, Dy,o1s was found to equal 0.978 X 10- cm.2/sec. at 10°C. 
By using this value as a rough estimate of D in Equation 6, and setting 4 
equal to 0.5 X 10~ cm. (11), one obtains ¢ = 0.2 msec. Thus, if no other force 
acts to mix the cell interior, diffusion alone produces mixing which is 90 pet 
cent complete in about 0.2 msec. In these experiments the half-time for water 
exchange across the membrane is found to be about 4 msec. Thus the assump- 
tion of a well mixed cell compartment seems to be justified. 
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(b) Steady-State Assumption.—The second assumption, that the cells neither 
gain nor lose water during an experiment, has been tested experimentally, as 
already discussed. It is also possible to calculate the effect of osmotic shifts of 
water during the exchange of THO. Suppose that, because of anisotonicity of 
the tritiated buffer, or a shifting gas equilibrium, there is a 20 per cent difference 
in osmolarity between the cells and the buffer. When the cells and buffer are 
mixed, will the relatively large water shift induced by this difference in osmo- 
larity occur rapidly enough to affect the kinetics of water exchange by diffusion? 
It is possible to answer this question by consideration of the rate at which 
water enters or leaves the red cell under an osmotic gradient. Sidel and Solomon 
(12) have estimated this rate as 1.5 X 10-“ ml. H;,O/(sec., cm. H,O pressure, 
red cell) at 25°C. In 20 msec., therefore, with a 20 per cent difference in osmo- 
larity, the red cell would gain or lose 5 X 10~* ml. H,0. This figure is less than 
1 per cent of the red cell water volume. Since all the measurements of THO 
diffusion in the present study were done at times of 10 msec. or less, it is seen 
that osmotic water shifts can have little influence on these measurements. 
(c) Ideality of THO as a Tracer for HXO.—The third assumption, that THO 
acts as an ideal tracer for H,O, is subject to some doubt. There is disagreement 
among different investigators as to the true values of the diffusion coefficients 
of THO, H,O"*, and D,O, and as to whether they may be used interchangeably 
as tracers for water in biological systems (13-17). For the purposes of these 
calculations, however, the data of Wang ef al. (13) have been considered most 
satisfactory. They found the diffusion coefficient of THO to be 14 per cent 
smaller than that of H,O", which is usually considered the most nearly ideal 
tracer for HO. Accordingly, H,O fluxes, when calculated from measured THO 
fluxes, have been increased by 14 per cent to compensate for this difference. 
(d) Absence of Radiation Effects —The fourth assumption, that the radiation 
of the tritium molecules does not disturb normal cell processes, is subject to 
indirect experimental proof. Sheppard and Martin (18) showed that red cell 
suspensions subjected to 1200 r of y radiation exhibited no change in their 
ability to transport potassium. In the present experiments, the radiation dos- 
age was calculated to be less than 4 X 10~ rad, an exposure which is minute 
in comparison with the 1200 r of Sheppard and Martin. Thus, the fourth as- 
sumption would seem to be valid. 
(e) Solution of the Diffusion Equation.—To solve Equation 3, P and gq are 
first eliminated by substitution from Equations 4 and 5. Using the boundary 
conditions = po when ¢ = 0, and p = po when ¢ = », the solution is: 


E-VE---e 
Pn Pa GPx 
| -(# e ) st 
Pn Pn 
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in which $ = —kpo/v px. Fig. 5 shows a semilogarithmic graph of (p/p, — 1) 

against time for the data from a single experiment. The data plotted in this 

manner fall on a straight line, consistent with the postulated two-compartment 

kinetics. The rate constant k/v,, which represents the fraction of red cell water 

exchanging in unit time, may be calculated from the slope S of this line. The 

half-time of the exchange may be obtained by setting p = (po + p.)/2, and 
= hy in Equation 7. Thus, 4, = —0.693/S. 


Experimental Determinations 


The rate of exchange of THO across the human red cell under isotonic con- 
ditions was followed in seven samples of blood drawn from young adult males, 








TIME IN MILLISECONDS 
Fic. 5. THO uptake by human red cells in isotonic buffer. The points represent 


data from Experiment 13, with standard deviations, and the curve has been drawn as 
discussed in the text. 


The half-time of the exchange was found to be 4.2 + 1.1 msec. at 23°C. The 
half-time was independent of the hematocrit reading of the cell suspension 
over a twofold range, and independent of the nature of the suspension medium, 
as shown in Table ITI. 

The data were treated mathematically according to the equations previously 
given. Taking 6.3 X 10-" ml. as the average water content of the human red 
cell (19), and increasing the rate constant found for THO exchange by 14 per 
cent, as previously discussed, the unidirectional water flux is calculated to be 
8.6 X 10-* ml. H,O/(sec., red cell). 


Sources of Error 


(a) Errors of Experimental Design——Unless the two toggle valves which 
control the flow of tritiated buffer and cell suspension are opened simultane- 
ously, the first portion of fluid to descend the observation tube will be richer 
in cells or in buffer than succeeding portions. This difference will be reflected 
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in the first drops of filtrate to be collected. If these first drops are discarded, 
the difference will be minimized. However, in view of the small amounts of 
fltrate usually collected (0.01 to 0.05 ml.), the residue of the first drops in the 
filtration chamber may be sufficient to contaminate the sample. If it were pos- 
sible to take larger samples, the possibility of error from this source would be 
reduced. 

The deceleration of flow which takes place until the entire outlet tube, from 
mixing chamber to graduated cylinder, has filled with solution, is another 
source of error. This deceleration has the effect of blurring the time axis along 
the observation tube until a steady flow has been established. Again, this 


TABLE III 
Summary of Data from Exchange Experiments 











— Hematocrit | 
xperi- i . . 

meat | sading Suspension medium valecy | k/0q 
~~ | Initial | Final 


|— 








} 


| om./sec. 

| 0.816] 0.400, Plasma 845 

| 0.461] 0.258] 0.9 per cent NaCl 925 

| 0.455) 0.251) PO.-HCO; buffer* 958 

| 0.629) 0.512} PO.-HCOs buffer + plasma] 843 
0.620 0.328! PO.-HCO; buffer + plasma} 937 
0.591) 0.322) PO,-HCO; buffer + plasma} 996 











15 | 0.594) 0.316 PO,-HCO; buffer + plasma 





Average . 
Standard deviation 








* Buffer composition given in Reference 4. 


error is minimized by discarding the filtrate until a steady flow has been es- 
tablished, but as in the previous case, small sample size creates an uncertainty. 

The slit width error, caused by filtration of samples over a finite distance 
(the diameter of the holes in the filtration chamber), was calculated according 
to Equation 39 of Chance (3) and found to be much less than 1 per cent. 

(6) Errors in Measured Quantities—Errors in measured quantities are usu- 
ally expressed as standard deviations of a set of replicate measurements. In 
some cases errors are estimated on the basis of smallest scale divisions. Such 
errors are marked with asterisks. However, all errors combined in the course of 
a calculation are treated as standard deviations for ease and uniformity of 
sa The rules used for combination of error are to be found in Beers 
| Linear Flow Velocity.—The error involved in calculation of linear flow veloc- 
ity arises from three sources: error in timing, error in volume measurement, 
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and error in the bore of the observation tube. It is possible to measure the yo). 
ume of effluent cell suspension to +5 ml.* as it flows from the apparatus into 
the graduated cylinder. Since 350 ml. of suspension are usually collected, +5 
ml.* represents about +1.4 per cent* error. Timing of the volume outflow of 
the system to +0.002 minute, or +1.3 per cent in a total of about 0.15 minute, 
is possible. Thus the volume rate of outflow is measured to +2 per cent. The 
dimensions of the observation tube are given as 0.109 + 0.001 inch outer diam. 
eter, 0.012 + 0.001 inch wall thickness (manufacturer’s specifications). The 
inner diameter calculated from these figures is 0.085 + 0.002 inch or +24 
per cent. The cross-sectional area of the tube is calculated to be 0.0366 cm? + 
4.8 per cent. The linear flow rate, computed from the volume flow rate and the 
cross-sectional area, is known to +5.2 per cent. 

Hematocrit Reading.—The error in hematocrit readings is taken as +0,.002,* 
or +0.2 of the smallest scale division on an Exax “blue line” hematocrit tube. 
In general, duplicate hematocrit readings on the same blood agree to within 
+0.002. 

Dilution.—The filtrates are diluted by weight before being analyzed for 
their tritium contents. The standard deviation involved in weighing is found to 
be +0.0001 gm., or +1 per cent of the smallest quantity of filtrate used, ina 
set of ten replicates on the analytical balance used. 

Counting.—The net counting rate is usually measured to a standard devia- 
tion of about +1 per cent. 

Reaction Time.—The error involved in calculating reaction times arises from 
two calculable errors, error in flow velocity (see above) and error in measure- 
ment of distance; and two incalculable errors, the estimates of the equivalent 
length of the mixing chamber, and the velocity profile of the flowing fluid. 
The distances along the observation tube were measured with a vernier caliper 
which was accurate to +0.02* cm., or +1.1 per cent in 1.85 cm., the shortest 
distance measured. Since the error in the flow velocity is +5.2 per cent, its 
contribution to error in reaction time constitutes almost the entire calculable 
error. 

Other Errors —The incalculable errors pose a special problem. The first arises 
from the assumption, implicit in the application of Equation 1, that mixing 
is complete instantaneously. The results presented in Table I indicate that 
mixing is not complete at the back wall of the mixing chamber, and hence that 
Equation 1 is not quantitatively applicable. Alternately, Roughton (21) 
has suggested that the equivalent mixing length is given by “the product of 4 
(the time for the mixing to be almost say 98 per cent, complete) and @, the aver- 
age of fluid flow in cm./sec.” This latter estimate would lead to an equivalent 
mixing length of about 0.8 cm. in place of the value of 0.54 cm. calculated from 
Equation 1. The difference between these two figures is approximately equa! 
to 0.25 msec. which lies well within the standard deviation of the final figure. 
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Furthermore, a delay of this magnitude would probably not introduce a measur- 
able difference (inconsistency) in data such as that presented in Fig. 5. 

The second error arises from the radial distribution of velocity of the fluid 
flowing down the observation tube.! Prandtl’s equation, as quoted by Roughton 
(21), probably does not apply to an inhomogeneous suspension of cells and 
buffer flowing down an observation tube, with an appreciable centrifugal com- 
ponent of motion. The hydrodynamics of such a situation is most complex 
and no satisfactory theoretical solution is known to the authors. There must 
certainly be a stagnant layer of fluid present at the boundary between the mov- 
ing fluid and the observation ports. If this boundary is as thin as a red cell, 
it should come to diffusion equilibrium so quickly that it will not contribute 
seriously to the over-all error of the method, as has been discussed above. 

The arguments against the presence of a thick boundary layer, which will 
affect the results appreciably, are necessarily indirect. They are all based on 
the apparent consistency of the experimental data. The radial distribution of 
velocity in a turbulent rotating mass of cells in fluid would be expected to de- 
pend markedly on the relative density of cellular population. This is particu- 
larly so because the centrifugal component of force would tend to throw the 
cells out peripherally. The hematocrit reading of the suspensions used, as shown 
in Table III, varied over a twofold range, with the cells occupying, in some 
cases one-quarter, and in other cases up to one-half, of the volume of the flowing 
suspension. Nonetheless, the data show that the measured reaction rate is 
essentially independent of the hematocrit reading, and they support the con- 
clusion that the boundary layer effect is unimportant in the present study. 

Furthermore, the apparent half-time of the reaction is relatively independent 
of the velocity of flow over about a 15 per cent range. If any correlation exists, 
it appears that the slower rates of flow lead to faster reaction rates, a direction 
contrary to that expected if diffusion through a peripheral layer is the limiting 
factor. Finally, since the diffusion delay should be variable from sampling port 
to sampling port, it would not be expected that a curve of the kind exhibited 
in Fig. 5 would be obtained, except under the most fortuitous circumstances. 
It is concluded that the effect of radial velocity distribution, though un- 
doubtedly present, is not important enough to become apparent over the other 
sources of error that have already been discussed in detail. 


DISCUSSION 


Comparison of Results with Water Diffusion Permeabilities of Other Cells and 
Membranes 


Values of the water permeability constant (Pz) are given for a variety of 
biological membranes in Table IV. In each case, Pg was measured by the 


‘ The authors would like to express their indebtedness to Dr. R. E. Forster for a 
stimulating discussion on this point. 
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diffusion of isotopic water. P, for the human red cell is over 30 times the next 
largest value in the table, and nearly 250 times the smallest value. Thus the 
data from the present experiments are consistent with Jacobs’ Statement that 
the permeability of the erythrocyte to water “... is greater than that of any 
other known cell”. (22) : 


Comparison with Filtation Permeability 


It is instructive to compare the rates of water movement across the red cell 
membrane from diffusion and from osmotic flow The rate of water entrance 
under an osmotic gradient, determined by Sidel and Solomon (12), is 1.5 x 


TABLE IV 
Water Permeability Constants 
mn 





Membrane Pa Temperature Reference 





(om./sec.) K 108 S. 
Human red cell....... 5.3 23 Present experi- 





1a 


ments 
Amoeba (Chaos chaos)... 0.0250 16 


Amoeba proteus............. a 0.021 23 
Frog gastric mucosa... . ree 0.0483 24 
Frog ovarian egg............... 0.128 — 25 
Zebra fish ovarian egg 0.068 25 
Xenopus body cavity egg 0.090 25 
Zebra fish egg, shed, non- pianeneeaii 0.036 25 
Frog body cavity egg. . aT, 0.075 25 
Salmon egg, unactivated. ; ep 0.168 26 
i 0.113 27 
0.073 28 














10-* ml. H,0/(sec., cm. H;O pressure, red cell), as given previously. The rate 
of diffusion flow from the present experiments is 8.6 X 10-® ml. H,0/(sec., 
red cell). Since this rate was obtained from experiments in which the uni- 
directional flux of THO was measured, the concentration gradient for the 
diffusion of water was 55.2 moles/liter, which is equivalent to 1.38 X 10° cm 
H;0 pressure at 23°C. Conversion of diffusion flow into units of osmotic flow 
gives (8.6 X 10~*)/(1.38 X 10°) = 0.62 X 10-™ ml. H,O/(sec., cm. HO 
pressure, red cell). Hence, osmotic flow is 2.5 times greater than diffusion flow. 
According to Ussing (29), a difference between the permeability constants for 
diffusion and filtration of water is indicative of the presence of water-filled 
channels in the membrane. 


Calculation of Equivalent Pore Size and Fractional Pore Area 


A measure of the average size of these channels may be obtained by combin- 
ing the two permeability constants according to the method given by Pappen- 
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heimer et al. (30), and Koefoed-Johnsen and Ussing (27). Let us consider an 
idealized membrane which contains an array of uniform, right-cylindrical pores. 
The diffusion of THO through these pores may be described by Fick’s law, 
subject to certain assumptions which are discussed below. 


Ac 
Grno = —Druo Ap a (9) 


in which Gruo is the amount of THO crossing the membrane in moles/sec., 
Dro is the diffusion coefficient of THO in the pores in cm.?/sec., A» is the total 
pore area of the membrane in cm.”, ACrao is the concentration difference of 
THO across the membrane in moles/cm.*, and Ax is the length of the pores or 
the membrane thickness in cm. To convert the flow of THO to total water 
flow, it is necessary to assume that: 


QTHO x GH20 a0) 
ACrno Druo ACu,0 Du,o 





Then Equation 9 becomes: 


A 
gu,0 = —Du,0 (22) ACu,0 (11) 


Multiplying both sides of Equation 11 by Va,o, the partial molar volume of 
H,0, converts flow in moles/sec. to mg,0, the flow in ml./sec.: 


gu,0VH,0 = !n,0 = —Dx,0 (2) Vu,oACu,0 (12) 


The term ACy,o represents the concentration difference for the unidirectional 
flux of water into the red cell. Since Vy,o = 0.018 liter H,O/mole, and AC = 


55.2 moles/liter, the term Vy,o4Cyg,0 is very close to unity. Equation 12 then 
becomes: 


mu,o = —Dx,0 (2) (13) 
Hence, from a measurement of diffusion flow and a knowledge of Dy,o, one 
may calculate A,/Ax, the pore area per unit path length in the membrane. 

The next step in the calculation of equivalent pore size involves the use of 
Poiseuille’s law, which describes the laminar flow of water under a pressure 
gradient through cylindrical pores: 


nmr‘ AP 


cea 8nAx 


(14) 
in which One is the volume flow rate of water, m is the number of pores, r 
is the pore radius, AP is the pressure difference, 7 is the viscosity of water, 
and Ax is the length of pores, as before. The minus sign indicates that AP and 
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Ax are measured in opposite senses. Since mmr? = A,, the total pore area 
Equation 14 may be written: 


if Quo _ _ 7 (Ap 
_— AP 8m \Ax ls 


in which My,o is the volume rate of water flow per unit pressure difference 
Combining Equations 13 and 15 to eliminate A,/Az, one obtains an expression 
for r* in terms of known or measurable quantities: 


ae 89M H,0 Dxu,0 
r=  — (16) 
nH,0 


Equation 16 is valid when the pore radius is large in comparison with the 
radius of the molecule which is diffusing or being filtered through the pore; 
i.e., when there is no restriction to diffusion or filtration. When the radius of 
the molecule approaches that of the pore, Equation 16 must be corrected to 
account for such restrictions. Renkin (31) makes use of two equations which 
relate equivalent pore area to a function of the ratio a/r, in which a is the radius 
of the penetrating molecule, and r is the radius of the pore. For restricted dif- 
fusion, Renkin’s Equation 11 is: 


erick ia tC del Me 


For restricted filtration, Renkin’s Equation 19 is: 


- -|2 (1 S *\ - (1 - *) | E ~2.104 (‘) + 2.09 (*) — 0.95 (*) | 18 


In these equations, A, is the geometrical pore area, A pq is the virtual pore area 
for diffusion of water, and Aj, is the virtual pore area for filtration of water. 
In the derivation of Equation 16, it was tacitly assumed that Apg = Ap; = 
A,, an assumption valid only in the limiting case when a/r — 0. When a/r 
is appreciably greater than zero, Equation 16 becomes: 


> _, Muz0 89 Dayo 4x) 
ds mH,O Aps 


From Equations 17 and 18, 

A pd _ 

Ap 2 -(1 _ =)" 
r 


Substituting the value of A,e/A,,; from Equation 20 in Equation 19 yields: 


me Mx;0 8n Dro 


r ee _ Dee eel 


7 ee \2 21 
mmo [2 (1-3) 
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Setting (Mu,o 8 nDx,0)/titu,o = and rearranging, we have: 


r2—-a+V2'+A (22) 


To find r, we must evaluate A. At 23°C., n = 9.36 X 10 poise, and Dg,o = 
259 X 10-* cm.?/sec. (by graphical interpolation from the data of Wang ef 
al, (13)). Mu,o is calculated from the following considerations. There are two 
components to the total osmotic water flow observed when an osmotic gradient 
is applied across a membrane. One is caused by diffusion due to the difference 
in water activity across the membrane; the other, by bulk flow due to this dif- 
ference (24). Hence, one subtracts the diffusion component from the total 
osmotic flow to obtain My,o. Thus My,o = 0.9 X 10-* ml. H;O/(sec., cm. 
HO pressure, red cell) = 0.9 X 10-” ml. H;O/(sec., dynes/cm.’, red cell). 
With these values, A = 20 A®. The radius of the water molecule, a, is taken as 
1.5 ( (32). Substitution of the values of a and ) in Equation 22 yieldsr = 3.5 A. 

The value of Apa/Ax and an estimate of Ax, the membrane thickness, may be 
used to calculate Apa, the effective pore area for the diffusion of water. How- 
ever, the estimates of Ax vary from 50 to 5000 A (33). Let us use these extreme 
values of Ax to calculate the limiting values of Ayg. From the present experi- 
ments, Apa/Aw = 3.3 X 10 cm. For Ax = 50 A, Apa = 1.65 X 107° cm2, 
or 0.01 per cent of the total surface area of the human red cell (11). For Ax = 
5000 A, Ang = 1 per cent of the total surface area. Therefore, according to 
present estimates of membrane thickness, the effective area of pores in the red 
cell lies between 0.01 per cent and 1 per cent of the total surface. The work of 
Pappenheimer ef al. (30) on muscle capillary permeability in the isolated hind 
limbs of cats provides confirmatory evidence of such small fractional pore areas. 
They calculated pore areas of less than 0.2 per cent for a molecule the size of 
water. Further, Parpart and Ballentine (34) have estimated the fractional 
pore area in rabbit red cells to be 0.1 per cent from a comparison of the free 


diffusion coefficient of ethylene glycol with its permeability constant in rabbit 
cells. 


Assumptions Involved in Calculation of Equivalent Pore Radius 


Several assumptions are involved implicitly in the calculation of equivalent 
pore radius. Renkin’s Equations 11 and 19 are assumed to express correctly 
the restrictions to diffusion and filtration in 3.5 A pores. While the equations 
seem valid for membranes with 15 A pores on the basis of Renkin’s data, their 
validity at 3.5 A is conjectural. 

The picture of a membrane perforated by uniform, right-cylindrical pores is 
an idealized geometrical approximation. However, this picture should be re- 
garded as a convenient means of description, rather than as a structural reality, 
much as is the Stokes-Einstein radius of a molecule. The pore radius calculated 
above is then an effective radius, that is, one which provides a consistent de- 
scription of the red cell’s permeability to water. 
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The viscosity and diffusion coefficient of water are assumed to have the same 
values in the 3.5 A pores as in free solution. Although the diffusion and filtration 
of water are both probably restricted in a 3.5 A pore, it is nevertheless assumed 
in the above treatment that these restrictions can be expressed entirely by 
changes in A,/Ax. ' 

In view of the many uncertainties in the calculation of an equivalent pore 
radius for a cellular membrane, the result must be viewed with great caution, 
It is intended to serve as a basis for further experimentation and may be re. 
garded for the moment as an attempt to describe in operational terms a phys- 
ical property of a complex biological membrane. ‘ 
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_BUTYROBETAINE AS A SPECIFIC ANTAGONIST FOR CARNITINE 
"IN THE DEVELOPMENT OF THE EARLY CHICK EMBRYO* 
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(From the Department of Entomology, University of Illinois, Urbana) 
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ABSTRACT 


The effect of y-butyrobetaine alone and with the addition of carnitine on the de- 
velopment of the early excised chick embryo has been studied. y-Butyrobetaine in 
appropriate amounts exerts an inhibitory effect which can be relieved or annulled by 
the inclusion of appropriate amounts of carnitine. This has been interpreted as a 
metabolite-antimetabolite relationship, in which the normal metabolite, carnitine, 
is antagonized by the structurally closely related y-butyrobetaine, and is regarded 
as evidence of an important role of carnitine in the metabolism of the developing 
chick embryo. 


Since the discovery of carnitine as a necessary growth factor for the meal- 
worm, Tenebrio molitor, and several related insect species (Carter ef al., 1952) 
evidence has been accumulating about the universal occurrence of carnitine 
in material of biological origin (Fraenkel, 1953, 1954). It was hence concluded 
that carnitine had an important physiological function in all organisms, that 
the majority of organisms obtained it by biosynthesis, and that only those 
few incapable of synthesis had to have it supplied as a “vitamin” in the food. 
This conclusion was based on the fact that many insects and higher animals 
did not seem to require a dietary source of carnitine, when grown on “syn- 
thetic” diets, and still contained carnitine in normal amounts (Fraenkel, 
1953; Fraenkel and Friedman, 1957). It was also shown that sizable quanti- 
ties of carnitine were synthesized during the development of the chick embryo 
(Fraenkel, 1953). Subsequently it was discovered that y-butyrobetaine (des- 
oxycarnitine) acted as a specific inhibitor for carnitine in the development of 
Tenebrio molitor (Bhattacharyyaet al., 1955). This suggested the use of y-butyro- 
betaine as a means of demonstrating the physiological importance of carnitine 
in a system which normally synthesized it. The system chosen was the chick 
embryo which had previously been employed for demonstrating the biosynthesis 
of carnitine. Attempts were first made to inhibit normal development by in- 
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jecting y-butyrobetaine into the egg, and subsequently studying the effect of 
added carnitine. Preliminary experiments did not give clear-cut evidence of a, 
antagonistic relationship between carnitine and y-butyrobetaine in the quan- 
tities used, and the technique of the experiment was subsequently changed to 
deal with the excised embryo on a synthetic medium. A brief report of this 
study has been given elsewhere (Ito and Fraenkel, 1956). 


Material and Methods 


White Leghorn and Rhode Island red eggs used in this study were obtained from 
the Poultry Farm of the University of Illinois. Eggs were incubated at 38°C. 

Sterile solutions of y-butyrobetaine and carnitine in Rock’s solution were injected 
through sterilized needles into the yolk of the egg through a small hole at the blunt 
end. The hole was subsequently sealed with paraffin. The eggs had previously been 
incubated for 20 hours at 38°. 

Cultivation of chick blastoderms was performed on synthetic media, following the 
technique developed by Spratt (1947, 1948, 1949). Spratt (1949) had shown that 
early chick embryos explanted on an agar medium containing glucose and minerals 
continued to develop normally for 24 to 48 hours. In our experiments the media con- 
tained 1.25 X 10-* m glucose which is slightly higher than the minimum level of 
glucose stated by Spratt as necessary for development in vitro. In compounding the 
medium, views by Howard (1953) on the effect of NaCl concentration on the early 
chick blastoderms were also taken into consideration. The composition of the medium 
was as follows:— 


Chick-Ringer solution, modified (NaCl, 0.7 per cent; KCl, 0.042 per cent; 
ee I IED. o.oo cis ccc cccnulesdbnsddubees en eneeeeuaneee . Sm 
0.1 m phosphate buffer, pH 7.2. 

1.1 per cent NaHCO; 

0.02 per cent phenol red (as an indicator) 


Agar was added to a concentration of 0.6 per cent. 

The eggs were emptied into a modified Rock’s solution (NaCl, 0.7 per cent, KC], 
0.042 per cent, CaCle, 0.024 per cent, NaHCO, 0.06 per cent) and the blastoderm 
removed. The developmental stage of the blastoderm was carefully examined. The 
morphological stages of the embryos were described according to the terminology of 
Hamburger and Hamilton (1951). Early blastoderms of definite streak or head-process 
stage were used in some experiments, and slightly older ones, representing one-somite 
through four-somite stage in others (Fig. 1). The blastoderms were cut into halves 
and the anterior half was placed on the medium in a watch glass, which in turn was 
contained in a Petri dish with moistened cotton at the bottom. This dish was covered 
and kept at 38°C. 

The compounds tested for their effects on the development of the blastoderm have 
the following structures: 


+ 
(CH;):NCH:CH(OH)CH,COO- carnitine 
+ 
(CH;);\NCH,CH,CH,COO- y-butyrobetaine (desoxycarnitine) 
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These compounds were used as the hydrochloride salts. t-Carnitine was isolated 
from meat extract (Carter et al., 1952) and -butyrobetaine was synthesized (Bhatta- 
charyya ef al., 1955). DL-Carnitine was obtained from the International Minerals and 
Chemical Corporation, Skokie, Illinois. The culture media after the addition of car- 
nitine and/or -y-butyrobetaine were neutralized before and after autoclaving and the 
pH of the media adjusted to 7.2. 

Observations were made after 20 and 40, and occasionally after 60 hours. Drawings 
of the explants were made with a camera lucida. 


TABLE I 


The Effect of Injection into the Egg of y-Butyrobetaine and Carnitine on the Development of 
the Chick Embryo 


Developmental stages checked after 7 days and numbered according to the system of 
Hamburger and Hamilton (1951). 





| | Developed embryos with or without defects 
No. of Unde- 


~| embryos | veloped No. of developmental stage 
| treated embryos 








7 16) 17| 18] 19| 20| 2 22 23|24| 25 |26|27 |28 
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| 
mg./¢gg | mg./egg | 
20 |None| 15 
10 | None 15 
1 | None 14 
None | 10 16 
10 10 14 
10 | 1 14 
Ba 68 10 
None 1 11 
None¥| None | 10 
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One SOP are 

















1* 
































| 
ce 
2 | | 








* Circulatory system little developed. 

t Eyes defective in 1 embryo. 

§ Eyes little developed. 

|| Circulatory system defective in 1 embryo. 
{ Injection of saline only. 


RESULTS 


(A) Injection into Eggs (Table I).—Solutions of y-butyrobetaine and carni- 
tine in water were injected in amounts of 0.1 ml. per egg. The pH of the solu- 
tions of 100 mg./ml. was approximately 2.1 with either substance. Injection of 
0.1 ml. of 0.11 HCl in Rock’s solution (pH 1.35) had no effect on the devel- 
opment of the embryo. 

Injection of 10 or 20 mg./egg of y-butyrobetaine inhibited the development 
of most embryos and a similar result ensued from the injection of 10 mg/egg. 
of carnitine. With an adverse effect of carnitine alone in this concentration no 
beneficial effect of this compound in combination with y-butyrobetaine could 
be expected. However, 1 mg. carnitine/egg had no beneficial effect. It is pos- 





282 ‘y-BUTYROBETAINE AND CARNITINE 


sible that a careful adjustment of doses of the two substances would have 
shown a reversal by carnitine of the inhibition due to y-butyrobetaine. How. 
ever, this method was subsequently abandoned in favor of a method with 
explanted embryos, which was considered simpler and more sensitive. 

(B) Experiments with Explanted Blastoderms. In preliminary experiments 4 
wide range of variation from normal development to degeneration was recog- 
nized in explants on media containing y-butyrobetaine. Consequently, the 


TABLE II 


The Effect of y-Butyrobetaine and Carnitine on the Development of Excised Early 
Chick Blastoderms of Definite Streak or Head-Process Stage 
The culture medium contained 1.25 XK 10-* m glucose. 








Developmental class* 


+-Butyrobetaine t-Carnitine 





! 
| 


III 








| 
| 


| 
| 
| 


10? 
10° 


No glucose 


* See text. 


results were expressed by the morphological state after 40 hours of cultivation, 
according to the following classification: 

I. Normal development. Formation of the brain, spinal cord, optic vesicles, 
somites, and heart is normal. Pulsation of the heart is observed. 

II. Subnormal development. Almost the same as above, except that no heart 
beat is observed. 

III. Delayed degeneration. The blastoderm develops for the first 20 hours 
and subsequently degenerates. 

IV. Degeneration. Almost no development is observed and the blastoderm 
disperses completely or becomes a mass of cells showing no differentiation. 

1. The Effect of y-Butyrobetaine and Carnitine on Early Blastoderms (Table 
JT).—Blastoderms of definite streak or head-process stage (Fig. 1 A and B 
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Fics. 1 A to D. Diagrams of early blastoderms. 
Fic. 1 A. Definite streak stage. 

Fic. 1 B. Head-process stage. 

Fic. 1 C. One-somite stage. 


Fic. 1 D. Four-somite stage. 
The broken line indicates the place where the blastoderm was cut into halves. 


explanted on the culture medium without glucose cannot develop and finally 
degenerate, as indicated in Table II, and Fig. 2 D, while development takes 
place in the presence of glucose. Here the formation of a brain, spinal cord, 
optical vesicle, somites, and heart is observed, and in most cases also the pul- 
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sation of the heart (Fig. 2 A and B). These observations agree with those of 
Spratt (1949). 

With the media containing y-butyrobetaine a retardation of development 
or degeneration occurs in the explants. At a relatively higher concentration of 


* D E 
Fic. 2 A to E. Diagrams of developed and degenerated explants on various media 
Fic. 2 A. Normal development, after 20 hours. 
Fic. 2 B. Normal development, after 40 hours. 
Fic. 2 C. Delayed degeneration, class III, after 20 hours. 
Fic. 2 D. Degeneration on glucose-free medium, after 20 hours. 


Fic. 2 E. Degeneration in the presence of -y-butyrobetaine and glucose, class IV, 
after 40 hours. 


5 X 10-*m or 3 X 10-*m almost all the explants, after a slight initial develop- 
ment during the first 20 hours, degenerate during the next 20 hours. However, 
a few develop up to stage II and others degenerate shortly after explantation 
without showing any signs of development. The degenerated explants on media 
without glucose are usually a thin layer of dispersed cells (Fig. 2 D). However, 
on a medium containing both glucose and -butyrobetaine they usually become 
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1 thick mass of cells (Fig. 2 E). These differences become more evident after 
60 hours, because in the former case the explant disperses almost completely, 
while in the latter it becomes dense without dispersing. In the explants which 
eventually degenerate following slight development during the first 20 hours, 
the formation of the somites is usually seen but that of the head-fold and espe- 
cially of the heart occurs only rarely. As shown in Table IT, on media containing 
2X 10m butyrobetaine more than one-half undergoes development and differ- 
entiation (stages I and II) and the remainder undergoes initial development 


TABLE III 


Effect of y-Butyrobetaine and Carnitine on the Development of Excised Chick Embryos of One- 
Somite to Four-Somite Stage 


The culture medium contained 1.25 X 10-* m glucose. 





Developmental! class* 
y-Butyrobetaine L-Carnitine 





I III 





10 

















* See text. 


stage III), while with 1 X 10-°m practically all develop to stage IT. 5 X 10-*m 
had no adverse effect. 

2. The Effect of y-Butyrobetaine on Older Blastoderms (Table III).—Most 
explants of, one-somite through four-somite stage (Fig. 1 C and D) developed 
at a concentration as high as 5 X 10-*m and none of them degenerated without 
some sign of development. Even degenerated explants formed hearts. However, 
none of the explants showed heart beat. A concentration of 2 X 10-°m y-butyr- 
obetaine or lower had no effect. Almost all the explants included in class III 
showed not only formation of additional somites, but also of headfold and heart. 

3. The Antagonistic Effect of Carnitine on the Inhibition of Development by 
y-Butyrobetaine in the Early Blastoderms (Table IIT)—Since y-butyrobetaine 
inhibited the development and differentiation of the early blastoderm, experi- 
ments were designed to find out whether this inhibition could be reversed by 
the addition of carnitine to the media. The results are summarized in Table 
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If. With 5 X 10-*m butyrobetaine in the medium, the addition of 5 x 10> 
L-carnitine had a slightly detrimental effect, but that of 2 X 10-*w L-carnitine 
somewhat improved development. With 3 X 10~* or 2 X 10-° y-butyrobetaine 
the addition of 2 X 10~ or 1 X 10~*m L-carnitine very clearly counteracted the 
inhibition of development caused by y-butyrobetaine. Eleven out of thirty 
explants degenerated with the addition to the medium of 2 X 107% y-butyro- 
betaine, and none, out of forty-five, after further addition of 2 X 10% o; 


TABLE IV 
The Frequencies of the Heart Beat in Chick Embyros Cultured in the Presence of y-Butyrobetaing 
and in the Presence or Absence of Carnitine 
The explants were held at 26° for 30 minutes prior to counting. 





-Butyrobetaine | t-Carnitine No. of explants | Beats/min. 





M M oe 
2 X 107? — 28.5 + 0.5 
2 X 10% 2 X 10° 30.1 + 3.5 





TABLE V 
Inhibition of Embryonal Development by Carnitine 
The culture medium contained 1.25 X 10-* m glucose. Explants of definite streak or head- 
process stage were used. 





Developmental class* 
pL-Carnitine 





II It 


M 
1X 10° 
4X 10° 
1 X 107? 
2X 10° 











* See text. 








1 X 10-*m L-carnitine. With still lower concentrations of -y-butyrobetaine, the 
addition of carnitine had no significant effect. 

The frequency of the heart beat was measured only in the tests with 2 X 
10-*m -y-butyrobetaine and was virtually the same in the presence or absence 
of carnitine (Table IV). 

4. The Antagonistic Effect of Carnitine on the Inhibition of Development by 
-Butyrobetaine in Older Blastoderms (Table III).—The addition of carnitine 
in amounts of 2 X 10-* or 1 X 10-*w to the medium had some favorable effect 
on the development of blastoderms placed on media which contained 2 X 10°, 
3 X 10°, or 5 X 10-*m y-butyrobetaine. Since the inhibitory effect of y-butyr- 
obetaine in older blastoderms is not as critical as in the earlier stages, the 
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antagonistic action of carnitine is not as striking. Nevertheless, in some of the 
explants the heart beat was resumed as an effect of added carnitine. 

5, Inhibitory Effects of Higher Concentrations of Carnitine.—In the tests with 
early blastoderms (Table II) the application of the highest dose of carnitine 
employed, 5 X 10-*m, gave a result which suggested an inhibitory effect of 
carnitine. Subsequently the effect of higher concentrations of carnitine alone, 
in the absence of -y-butyrobetaine, was investigated. pt-Carnitine was used in 
these tests. Table V shows that pL-carnitine in amounts of 1 X 10-*, 4 X 10°, 
and 1 X 107 had an increasing inhibitory or toxic effect on the early blasto- 
derms. At the highest concentration the explants did not develop at all and 
degenerated. The symptoms of degeneration were the same as in the presence 
of similar quantities of -y-butyrobetaine. It is not believed that the inhibitory 
efiect was due to the use of pL-carnitine instead of L-carnitine. In feeding ex- 
periments with Tenebrio pL-carnitine had one-half the activity of L-carnitine, 
and the D-component, while physiologically inert, proved entirely harmless 
(Friedman et al., 1957). 


DISCUSSION 


The effect on embryonal development of the injection into the egg of physio- 
logically active compounds has been studied by several authors (Landauer, 
1954). Spratt (1950) and Rothfels (1954) have studied the effect of antimetabo- 
lites on excised embryos, using the method developed by Spratt (1947, 1948, 
1949), 

In our experiments with explanted chick blastoderms of definite streak or 
head-process stage, the addition of y-butyrobetaine to the media caused an 
inhibition of development and degeneration. This inhibition was relieved by 
the addition of appropriate amounts of carnitine. For demonstrating this 
y-butyrobetaine-carnitine antagonism, the concentration of these substances 
in the culture medium was highly critical. There is a relatively narrow margin 
between too high a dosage of -butyrobetaine, the effect of which cannot be 
fully reversed by carnitine, and too small a dosage which has no significant 
action. Similarly it appeared that the dosages of carnitine, to be effective, must 
be below a concentration which is toxic in itself. Furthermore, a striking effect 
of carnitine was demonstrated only with the very early stages of chick de- 
velopment. 

The significant outcome of this experiment is the demonstration of a physio- 
logical role of carnitine in a system which normally functions in the absence of 
added carnitine. It has been shown earlier that carnitine is synthesized in the 
developing chick embryo (Fraenkel, 1953). This fact, together with the recog- 
nition of the ubiquitous occurrence of carnitine in all living matter (Fraenkel, 
1954), and the role of carnitine as a vitamin in certain insects, led to the view 
of an important metabolic role for carnitine in all organisms. The specific anti- 





288 ‘-BUTYROBETAINE AND CARNITINE 


carnitine effect of y-butyrobetaine was first shown in Tenebrio molitor which 
requires carnitine as a vitamin (Bhattacharyya ef al., 1955). y-Butyrobetaine 
differs from carnitine only by the absence of the OH-group in the beta-position 
The interference of y-butyrobetaine with carnitine metabolism is best explained 
by the close structural relationship of these compounds, whereby the inhibito, 
usurps the place of the normal metabolite in a particular reaction. Since a simi. 
lar antagonistic relationship has now been demonstrated in a different system 
in which normally carnitine is synthesized, it is concluded that here too carnj- 
tine has an important function to fulfill. This is the first instance in which 
function of carnitine has been demonstrated in an organism which does not 
normally require it as a vitamin. 
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ABSTRACT 


i. In a membrane transport system containing a mobile carrier with affinities for 
two substrates a concentration gradient with respect to one of the substrates under 
certain conditions is able to induce an “uphill” transport (against the concentration 
gradient) of the uther. 

2. In a kinetic treatment quantitative conditions for such a “flow-induced uphill 
transport” and some of its characteristics are derived. 

3. Experimentally the uphill transport of labelled glucose induced by a concentra- 
tion gradient for mannose or unlabelled glucose is demonstrated in the human red 
cell. 

4. It is shown that the flow-induced uphill transport is a feature characteristic for 
mobile carrier systems only and is not to be expected in systems in which the sub- 
strate is bound to a fixed membrane component (“adsorption membrane’’), although 
such a system may yield identical transport kinetics. Also with respect to Ussing’s 
flux ratio the two systems are different, the adsorption membrane meeting Ussing’s 
criterion, the carrier membrane not. 

5. It is concluded that the transport system in the human red cells must contain a 
mobile carrier, identical for glucose and mannose. 


Through the epithelial cells of kidney (1) and intestine (2) sugars may be 
transported “actively” in the thermodynamic sense; i.e., against the concen- 
tration gradients. Rosenberg (3) has discussed transports of this kind in terms 
of thermodynamic quantities and potentials. He showed that the mere fact of 
a transport occurring against the concentration gradient (hereafter termed 
“uphill”) allows the conclusion that a “carrier” in a broader sense is involved 
in the transport mechanism. In addition, in the case of sugar absorption, other 
indirect criteria (4) likewise point to carrier mechanisms (limited capacity of 
the transport, competition, kinetics, effect of enzyme inhibitors). 

In the erythrocyte, the transport of sugars under conventional experimental 
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conditions does not occur uphill. From a number of similar indirect criteria 
however, in this case also a carrier mechanism has been decided upon (3, 5-7), 
Although this indirect evidence as a whole is fairly suggestive, none of the ob- 
servations as such is strictly conclusive. 

However, the assumption of a carrier transport has a corollary which cap 
be tested experimentally. If the carrier mechanism can transport two molecular 
species R and S, it should be possible under certain conditions to induce an 
uphill transport of R by establishing a concentration gradient for S. In this 
paper a treatment of some aspects of this induced active transport will be given 
and the phenomenon will be demonstrated experimentally. Finally its conclu- 
siveness for a carrier mechanism as compared to that of other criteria will be 
discussed. 


Kinetics of the Induced U phill Transport 


Kinetic treatments of the supposed carrier transport as given by various 
authors (8-10) differ mainly in the assumptions concerning the reactions be- 
tween substrate and carrier (equilibrium or steady state, enzymatic or non- 
enzymatic reactions). For the purpose of this discussion it appears advan- 
tageous to choose simple conditions. Thus equilibrium between substrate and 
carrier on both sides of the membrane will be assumed. 


The following notations will be used. 

R, S, substrates reacting with the carrier C. 

C, free carrier. 

CR, CS, carrier substrate complexes. 

(Cr) = (C)r + (CR)t + (CS)1 = (Chur + (CR) + (CS)i1 = total concentration 
of the carrier (free + combined). 

VR, Us, Vc, transport velocities for R, S, and C (positive sign in the direction I - 
II). 

K-r, Krs, dissociation constants of the carrier substrate complexes. 
(S) 
Krs 
(R) 
Kerr 

D’, diffusion coefficient of C, CR, and CS in the membrane, divided by the thick- 
ness and multiplied by the surface area of the membrane. 

Concentrations are denoted by symbols in parentheses. 

Indices I and II refer to the two sides of the membrane. 


= 


R’ = 


Under the conditions of a steady state in the membrane (vg + 5 + % = 9) 
the following equations can be derived. 
— see ae 
R1+S1+1 Rut+Sut+1 
Sr fe S’n 
R41 +S14+1 RuntS'n+1 


( 
} _— 


Up = (C,D’ | 





Us = (Cy) D’ 
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Introducing 
= Rr rt (R)1 
Rn = (Rn 
1 
" _Stt+i  (S+Kys 
bo S’n +1 (S)u + K,s 





we may transform equation (1) to 


R'n(S'n + D(p — @) 
(R'; + Sy + 1)(R'n +S'n + 1) 





0p = (Cy)D’ (5) 


If for both R and S the concentrations at the side I are higher than at the 
side II, (p > 1, g > 1), equation (5) shows that R will move along its gradient 
from I to II (v» > 0) only if p > g, whereas for p < gq, 0» will be negative and 
consequently the transport of R will be uphill. The general condition for this 
event is, that p lies between 1 and g. 
If RK’; = R’y = R’ and S’; > S’y the flow of S will induce a transport of 

R. For this case, we may also from (1) and (2) derive the relation 

eee 

oe Se +t 
yielding the limiting values 

Ve = —Ug 

and 


UR = —vgR’ 


for R’ > 1 and R’ < 1 respectively. 
The concentration ratio for which 


Vp = 0 
is according to (3), (4), (5), and (9) 
_ (Rr ™ S11 +1 
(Rn Sin +1 


(S)r 
(S)11 


eh (10) 


The limiting values of this ratio are (for S’;, S’1: >> 1) and 1 (for S’;, 


Sn € 1). 

Under conditions of slowly changing values for (R); and (R); (due to ac- 
cumulation or depletion of R, if the volumes at I and/or II are limited as for 
instance in experiments with cell suspensions) this ratio is the maximal accu- 
mulation ratio for R. 


Experimental Methods and Results 


The experiments were carried out with human red cells. They were equilibrated 
with one penetrating sugar R in a low concentration. A second penetrating sugar S 
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was then added in high concentration to the external solution. The movement of R 
was followed by determinations of its concentration in the external solution, In con- 
trol experiments a corresponding volume of saline was added instead of S to produce 
the same degree of dilution. 

The substrates used were (1) unspecifically labelled Cy-glucose (as R) and (2) 
mannose or unlabelled glucose (as S). Mannose and glucose were chosen because. 
according to LeFévre and Davies (11), they have a relatively high affinity for the 
transport system. 


COUNTS - 
7“ WIN 











20 40 60 80 100 120 140 160s MIN. 


Fic. 1. Experiment showing uphill transport of labelled glucose across the human 
red cell membrane induced by counterflow of mannose (filled circles) or unlabelled 
glucose (open circles). Ordinate, activity in c.P.m., in 10 yl. of the external medium. 
Abscissa, time in minutes. Circle with x in center, activity before addition of 0.16 
volume of unlabelled sugar (0.72 m in saline). Circle with bar, activity after addi- 
tion of 0.16 volume saline. Temperature 0°C. until second arrow, then 37°C. (The 
temperature was raised in order to accelerate the penetration which, however, proved 
to be unnecessary.) The calculated maximal concentration ratio for labelled glucose 
is approximately 4. 


It was found that the penetration of labelled glucose across the red cell membrane 
is very rapid. The experiments (with the exception of the equilibration phase) were 
therefore carried out at 0°C. 

7.5 ml. defibrinated blood were equilibrated with 0.2 ml. labelled glucose solution, 
5.6 mm with an activity of 1 uc./ml. The mixture was stored in the cold for 644 
hours. During this time several samples were centrifuged and the activity of the 
supernatant was counted. The hematocrit value was found to be 0.48 (extrapolated to 
infinite time of spinning at 3500 r.P.m.). The blood (6.7 ml.) was then centrifuged 9 
minutes at 3500 r.P.M., 2.5 ml. supernatant were siphoned off, and the remaining 
4.2 ml. were thoroughly mixed. The (calculated) hematocrit reading was now 0.77. 
Three additional samples were taken within 2 hours for determination of the activity 
in the external medium. 
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Three samples of 0.9 ml. blood each were then pipetted into ice cold centrifuge 
tubes and 144 yl. of one of the following (ice cold) solutions added: (1) mannose 2.4 
isotonic (0.72 M) in isotonic saline; (2) glucose 2.4 isotonic (0.72 m) in isotonic saline; 
(3) isotonic saline. The samples were thoroughly mixed, kept at 0°C., and aliquots 
taken at definite time intervals for the determination of the activity in the external 
medium. 

The activities were counted with a gas flow counter. 10 ul. of external medium 
were used for each determination. The self-absorption was determined separately and 
corrected for. 

Fig. 1 shows the results obtained. The activity of the external solution is plotted 
against time. Before the addition of S it is approximately constant. After addition of 
NaCl it attains a new level which corresponds closely to that calculated for the degree 
of dilution brought about by the added volume (“dilution level’’). 

In the experiment with mannose or glucose the activity of the external solution 
frst rises to a higher level, where it remains for some time. This means that R moves 
from the cells into the external solution against a concentration gradient, the maxi- 
mum value of which can be calculated to be about 4:1. 

Later the external activity falls and finally reaches the dilutivn level, as is to be 
expected, if the sugars penetrate into the cells. 

The penetration was followed in a separate experiment at 0°C. under identical 
conditions using conventional osmotic methods. It was found that the penetration of 
mannose is somewhat faster (equilibrium after about 30 to 35 minutes) than that of 
glucose (equilibrium after about 40 minutes). 

The observations thus show the occurrence of an induced uphill transport of R 
and are in qualitative agreement with predictions derived frem the penetration char- 
acteristics of mannose and glucose. 


DISCUSSION 


The experiments reported here clearly demonstrate the occurrence of in- 
duced uphill transports of glucose across the red cell membrane. Similar obser- 
vations on phosphate and arsenate transports in bacterial cells have been 
reported by Mitchell (12). 

In the treatment given for the induced active transport the type chosen for 
the reaction-diffusion system (non-enzymatic reactions and equilibrium be- 
tween carrier and substrate on both sides) is a special (and the simplest) case. 

The question arises therefore whether the results of the treatment have more 
general validity and how far they are influenced by the simplifying assumptions 
used. In general, those results which also would follow from thermodynamic 
considerations, especially the maximal possible values for the concentration 
ratio of R and for the ratio v,/vs, will be independent of special assumptions 
concerning the reactions and will be generally valid for carrier systems of the 
‘ype treated here. On the other hand conclusions with respect to velocities, 
é.g. equation (S$) will depend on the characteristics of the reactions involved. 

The induced uphill transport as observed in the red cell has been derived 
from the transport kinetics of a simple carrier system. Rosenberg (3) has shown 
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by thermodynamic arguments that a mobile carrier is indeed an indispensable 
condition for such a transport. This may be illustrated by a comparison of the 
system treated here and a model membrane consisting of two adsorption layers, 
These two models which show a close resemblance in their transport kinetics 
differ in the essential point, that the substrate is bound to a mobile membrane 
component in one case, to a fixed component in the other. 

It will first be shown that the steady state kinetics of the two systems are 
formally identical. However, as will be derived later only the carrier model js 
able to induce an uphill transport. Another characteristic difference in the two 
systems which will finally be discussed is the flux ratio introduced by Ussing 
(13). 

In the system discussed here, if (S); = (S)11 = 0, equation (1) may be 
written pit B 

, } I I 
ve = D'(Cr) \Ry 41 Rut 


i Sa (118 
(R’1 + 1)(R'1n + 1) . 





J, = D'(Cr) 


It can be shown that an equation closely resembling equation (116) is obtained 
for the “adsorption membrane.” The transfer from layer I to layer II is as 
sumed to be the rate-limiting step (velocity factor = a). Using Langmuir’s 


adsorption equation (equilibrium constant = K, and R’ = @). we then 


Ki 


obtain 
R’; — R'n 
(R'y + 1)(R'n + D 





Vp = an? 


in which » is the total number of adsorption places in each layer. Equations 
(11 6) and (12) are formally identical. Near saturation both equations yield 
the special kinetic type which has been termed E, characterized by 


-_" (a. - ) 
ee elie... Oe 


and which actually was observed for transports of sugars in erythrocytes (6, 
7, 14). Thus a differentiation of the two mechanisms by a kinetic analysis oi 
the transport of a single substance appears impossible as was pointed out 
previously (15). 

With respect to the flow-induced uphill transport however, the two mech- 
anisms differ. For the carrier system containing both R and S the flow-induced 


active transport emerged from equation (5). The corresponding equation for 
the adsorption membrane is 


p-—i 
(Rr + S11 + 1)(R'n + S’n + 1) 


Vp = anR'y 
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since here t always has the same sign as (p — 1), the transport always occurs 
along the gradient. 

The essential point in this discussion is whether or not the membrane com- 
ponent combining with the substrate is mobile. For example a transfer by 
combination with a rotating protein or enzyme molecule, as occasionally sug- 
gested for active transport (e.g. reference 16), would not only follow kinetics 
jmilar to those of the aforementioned cases but would also be able to per- 
form an induced uphill transport in the same manner as the carrier system. 
On the other hand, the “carrier” assumed by LeFévre for sugar transports (5), 
is actually a fixed membrane component and consequently would not be able 
to perform flow-induced uphill transport. 

Another characteristic difference between the two types of membrane com- 
ponents emerges from the application of Ussing’s flux ratio criterion (13) for 
passive diffusion : 

_. S| (15) 
mi 
m = flux; a = activity). 

It was pointed out (15) that as a general condition for the validity of equa- 
tion (15) the two diffusion streams which are called flux, must be independent 
of each other. This is certainly not true for the carrier system, since here both 
fluxes are interdependent by mediation of the movement of the carrier, and 
the effect of this movement on the two fluxes is opposite. In the adsorption 
system, however, although there also is an interdependence by mediation of 
the number of free places, the role of this number is that of a resistance which 
reduces the two fluxes by the same fraction so that their ratio remains un- 
changed. 

In accordance with this argument the flux ratio in a transport through an 
adsorption membrane following equation (12) is (activity coefficients being 
neglected) : 


2. 


16 
mi (Ri) (16) 


(hus meeting the above-mentioned criterion for passive diffusion. For the 
carrier membrane equation (11 @) yields for the flux ratio: 
my (R)r (R'n + 1) 


—— ——-- (17) 
mi ~ (Rn (R’) + 1) 


not obeying Ussing’s criterion. Actually the experiments reported with glucose 
as S show that Ussing’s criterion cannot hold for the transport of glucose. 

The conclusion from these considerations and from the experimental dem- 
onstration of the flow-induced uphill transport of glucose in red cells is that 
iere a mobile carrier is involved in the transport of mannose and glucose. It 
might be argued that more than one system may be involved in sugar transfer 
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across the red cell membrane. The induced uphill transport demonstrated here 
might be due to a system which can only perform exchange. For the net trans. 
fer system involved in osmotic experiments, then, a mobile carrier would not 
necessarily be required, although the kinetics and other criteria exclude free 
diffusion. 

With respect to quantitative details the experiments have preliminary 
value. It is hoped that a study of the quantitative relationships between the 
transfer of labelled sugar and the net transport will shed more light on this 
question. 
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INPUT-OUTPUT RELATION IN A FLEXOR REFLEX 
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ABSTRACT 


Observations have been made upon a typical flexor reflex with the aim of disclos- 
ing the changes in amount, latency, and temporal configuration of reflex discharge 
that take place as afferent input is varied from zero to maximal for the band of cu- 
taneous myelinated afferent fibers that extends upward from approximately 6 yu in 
diameter (group II fibers). Reflex threshold is reached at 6 to 12 per cent maximal 
afferent input. From threshold to maximal input the relation between input and 
amount of output is essentially linear, latency on the average decreases, the shorter 
central paths in general gain preference, but the known minimum pathway, one of 
three neurons, does not transmit unless aided by convergent activity. Flexor reflex 
discharge may occur in several bursts suggesting the existence of closed chain con- 
nections in the internuncial pools of the spinal cord. At any given input there is, in 
successively elicited reflexes, little correlation between latency and amount of dis- 
charge, at first sight a surprising result for each variable can be taken as a measure 
of excitability status of the motoneuron population. However, latency of discharge 
indicates excitability at the beginning of the reflex event whereas amount of dis- 
charge is an expression of excitability over the entire period of discharge. Given a 
constantly and rapidly fluctuating excitability absence of correlation between these 
variables would be an anticipated result. 


The reflex to be discussed is a flexor reflex for which the afferent limb is 
confined to the group II fibers of a cutaneous nerve, specifically the sural 
nerve, and for which the motor limb is the nerve to a flexor muscle, specifi- 
cally semitendinosus. 

Input-output relations of monosynaptic reflexes have been studied inten- 
sively in the fifteen years since the relation was first described (Lloyd, 1943 a, 
1945; Rosenblueth, Wiener, Pitts, and Garcia Ramos, 1949; Rall, 1955 a, 
b; Hunt, 1955 a, b; Lloyd and Wilson, 1957). The relation has been studied, 
too, in the monosynaptic relay from primary afferent fibers to the spino- 
cerebellar tract (Lloyd and McIntyre, 1950). As a general technique for the 
identification of the afferent fiber band responsible for a given action, be that 
excitatory or inhibitory, the coupling of graded, monitored afferent volleys 
with a suitable monosynaptic test reflex is, indeed, useful (Lloyd, 1943 a; 
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Lloyd and McIntyre, 1948, Figs. 7 and 8; Hunt, 1955 a, 6). But little is known 
of the input-output relation proper of a flexor (i.e. polysynaptic) reflex (but 
cf. Bernhard and Widén, 1953). 

By reason of relative synchrony of input and output, and of relatively fixed 
latency, study of the relation in monosynaptic reflexes is concerned only with 
how much output for so much input, the independent and dependent vari- 
ables being measured as amplitudes of recorded responses. In the study of a 
polysynaptic reflex because of temporal dispersion one must be concerned 
not only with amount of output for given input, and this must be measured 
as a discharge area rather than a discharge amplitude, but also with the tem. 
poral characteristics of the discharge. The group II afferent fiber band of 
skin nerve yields with short conduction distance a spike potential sufficiently 
synchronous that amplitude measurement is a satisfactory indicator of affer- 
ent input. 

The preparations were decapitate cats, the sural nerve being fitted with 
stimulating and recording leads, the nerve of semitendinosus with recording 
leads. In some experiments the first sacral ventral root was substituted for 
semitendinosus nerve. 


The Relation between Input and Character of Flexor Reflex Discharge 


Fig. 1 presents a series of flexor reflex recordings obtained with the use of 
incrementing group II afferent volleys. For the top record the afferent volley 


was below reflex threshold, for the bottom record it was maximal. It is im- 
mediately evident that reflex latency is rather variable and that the reflex 
with incrementing input progressively prefers the shorter central pathways. 
The not so obvious fact is that flexor reflex discharge is not realized through 
the minimum pathway which is one of three neurons (cf. Fig. 3 B), the ana- 
tomical existence of which minimum pathway is easily demonstrated by the 
observation of facilitated responses (Lloyd, 1943 5), or by the use of suitable 
monosynaptic reflex tests for subliminal excitability change (Lloyd, 1946). 

The recordings of Fig. 1 are reminiscent of those obtained by Lorente de 
N6 from the trochlear nerve following stimulation at the floor of the 4th ven- 
tricle (1938), but the preference for shorter paths on increasing input is much 
more dramatic and there is no evidence, in the form of the strong response 
being of shorter duration than weak response, that the later part of the flexor 
reflex discharge suffers by reason of the growing earlier discharge. In other 
words if motoneurons are prevented from responding late in the discharge 
period by virtue of moving forward in time with stronger afferent impinge 
ment then their place is taken by other motoneurons recruited into the re- 
sponse. It is very unlikely that motoneurons respond twice in the course of 4 
flexor reflex discharge having the character of that seen in Fig. 1 (¢f. Alvord 
and Fuortes, 1954). 
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Flexor reflexes do not always consist of a discharge in a single mode, as 
seen in Fig. 1. They may, not infrequently, take the form of discharges gath- 
ered about two or three temporal modes (Lloyd, 1943 6; Bernhard, 1945). 
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Fic. 1. Flexor reflex discharges in semitendinosus nerve resulting from single 
shock stimuli of incrementing strength (from above downwards) to sural nerve. 
Time line at bottom in milliseconds. 





One is speaking now of flexor reflex discharges to afferent volleys in group II 
hbers (of. Lloyd, 1943 6, Fig. 6) not of secondary discharges that will appear 
as stimulation is raised to group IIT strength (cf. Lloyd, 1943 b, Fig. 7). 

Fig. 2 contains records obtained in the same way as those of Fig. 1, but 
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from another preparation in which the flexor reflex discharge appeared jn 
two almost completely distinct and separate groupings. Having regard for 
the difference in recording sweep speeds it will be seen that the first burst of 
flexor reflex discharge in Fig. 2 is entirely comparable to the entire di 

in Fig. 1, and grows in magnitude with incrementing afferent stimulation ip 
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Fic. 2. As Fig. 1 from another experiment. Time in milliseconds. 


precisely the same manner. But more interesting is the fact that the second 
burst of flexor reflex discharge grows pari passu with the first. This can only 
mean that the internuncial barrage is delivered to the motor pool in at least 
two bursts. Presumably there are in reality three bursts, for the trimodal form 
of response has been seen (Lloyd 1943 6; Bernhard, 1945). Since one must 
reasonably suppose the machinery for transmission in several bursts to be 
present in one animal of the species as in another the conclusion would seem 
to be that success on the part of the later bursts of internuncial activity 1 
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curing motoneuron discharge depends upon “state of the preparation” or 
some other such factor that has not as yet been brought under experimental 
control. 

"auhongh there is no reason to suppose that the type of response depicted 
in Fig. 1 requires of its mediate system anything more complex than the mul- 
tiple chain arrangement described by Lorente de N6 (1933, 1938), the type 
of response found in Fig. 2 is suggestive of reverberation through a reentrant 
pathway (the delay paths of Forbes, 1922; reverberating circuits of Ranson 
snd Hinsey, 1930; or the closed chain of Lorente de N6, 1933, 1938). 

The alternative notion, that a multiple chain is so constructed that the 
paths of increasing length are distributed with respect to transmitter poten- 
tiality in several peaks, seems rather implausible. 

One might suppose that operation of a reentrant pathway would involve 
repetitive response of the motoneurons. True, by definition the internuncial 
impulses, having circulated, would return to the same motoneurons, but the 
response they yield could well concern only such motoneurons as are left in 
the subliminal fringe by antecedent bursts. Thus the observation of Alvord 
and Fuortes (1954) that individual motoneurons rarely respond twice in a 
single shock flexor reflex is accommodated easily on two counts. In the first 
place, as just noted, action in a reverberant circuit need not lead to repetition 
in motoneuron response. In the second it would appear that the reflexes stud- 
ied by Alvord and Fuortes compared with those here shown in Fig. 1 rather 
than those of Fig. 2. Clearly the latter type of reflex should be studied in 
terms of individual motoneuron response. 


The Relation between Input and Amount of Flexor Reflex Response 


Fig. 3A presents the input-output relation for a semitendinosus flexor 
reflex. It is essentially linear from reflex threshold to maximal group II input. 
In other experiments a slight upward convexity or concavity appeared, but 
the deviation from linearity being inconsistent in direction and small in de- 
gree may be considered as error. Reflex threshold in individual experiments 
varied from 6 to 12 per cent of maximal group II input. In the experiment 
illustrated by Bernhard and Widén (1953) threshold was slightly above 10 
per cent maximal input. 

Each plotted point in Fig. 3 A represents the mean value for reflex dis- 
charge area in a number of trials. This fact quite naturally raises the question 
of reflex variability which in the case of polysynaptic reflexes is a matter not 
only of amount of output, but also latency of output. The question also arises 
as to what degree of correlation there may be between these two variables. 
The over-all relation, that is the relation between mean reflex response and 
atency as input is varied, can be seen in conjoint study of Fig. 3 A and B. 
In 3B each plotted point represents the latency of one or more individual 
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responses, plotted on the ordinates, as a function of afferent input, plotted 
on the abscissae. Several points of interest emerge. As input is increased, and 
so too output, minimum latency decreases within limits as does variation jy 
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Fic. 3. A, input-output relation in a flexor reflex. B, input-latency relation in a 
flexor reflex. Minimal latency 3 N at approximately 4.5 milliseconds represents the 
calculated reflex time for a pathway containing a single internuncial relay. 


latency. Theoretical minimum latency for the pathway including a single in- 
ternuncial relay is not reached and as far as one can tell is only reached in 
facilitated responses (Lloyd, 1943 b; Alvord and Fuortes, 1954; ef. also Eccles 
and Sherrington, 1931). Occasionally, however, a flexor reflex response elicited 
by a small input will appear with latency nearly as short as that of the short- 
est latency response elicited by maximal input. This is exemplified by the two 
short latency responses at 18 per cent input (Fig. 3 B). 
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Another approach to the question of the relation between amount of dis- 
charge and reflex latency is to observe these quantities in a number of indi- 
vidual observations at fixed inputs, the two then varying only by reason of 
the excitability fluctuation of the spinal cord, which is temporally random, 
essentially normal, and partially correlated (Lloyd and McIntyre, 1955; Hunt, 
1955 a; Rall and Hunt, 1956; Lloyd, 1957). If, in these circumstances one plots 
jor each individual observation latency against discharge area there is for 
any given input up to some 25 to 30 per cent maximal, a degree of correlation 
discernible. There is in short a tendency for the larger responses to a fixed 
small input to appear with shorter latency than do the smaller responses. At 
greater input levels, however, latency variation is largely independent of out- 
put variation. This at first sight is a bit surprising for Rall and Hunt (1956) 
found the correlation coefficient of fluctuation in two parts of a motoneuron 
pool to be +0.73 to +0.74 which are large positive values. The probable ex- 
planation is not difficult to imagine. One must consider first that a mono- 
synaptic reflex test samples the excitability states of the motoneurons in a 
nearly synchronous fashion. On the contrary a flexor reflex test of the moto- 
neurons is dispersed over some 5 to 10 milliseconds during which time one 
cannot expect, by other than mere chance, that the excitability level of the 
motoneuron pool would remain constant. Latency variation is an expression 
of excitability status at the very beginning of the dispersed test presented to 
motoneurons on any given occasion. Variation in amount of discharge on the 
other hand is an expression of excitability status over the entire period of dis- 
charge. Thus, if excitability were rising at the time of internuncial barrage 
upon the motoneurons latency might be long implying low excitability and 
discharge in amount high implying greater excitability, with the converse a 
likely result if excitability were declining.’ Presumably in a series of test flexor 
teflexes the motoneuron pool would be found in a variety of changing states, 
which would result in the observed low degree of correlation between the two 
measures of excitability under discussion. 

Concerning Fluctuation.—All the experiments specifically devoted to the 
questions of excitability fluctuation in the spinal cord have involved sampling, 
by monosynaptic reflex test at intervals of 2 seconds or longer. They do not, 
therefore, give any information as to what one might call “short term”’ fluc- 
tuation which is of concern in the interpretation of the present experiments. 
There is seemingly no practical direct test of excitability that would tell what 
happens in a motor nucleus over a span of 5 or 10 milliseconds. One can resort 
to indirection, however, and rely upon correlation between ventral root elec- 


"The argument as presented is simplified for the purpose of exegesis. Rising ex- 
citability and falling excitability during the course of a flexor reflex, by emphasizing 
different temporal segments of the response on different occasions, could, and in 


fact not infrequently do, result in reflex discharges of very different configuration 
but of insignificant difference in discharge area. 
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trotonus and motoneuron excitability. In recording ventral root electrotonus 
of course, one is dealing with a segmental pool rather than specifically with a 
flexor nucleus. Nonetheless recordings of the spontaneous ventral root elec. 
trotonic potential changes (for which cf. Lloyd, 1952, Figs. 44 and 45) that 
occur in the unanesthetized decapitate preparation such as used for the pres. 
ent experiments show that rapid oscillations do take place in the motoneurons 
and that very significant change can occur within a matter of a few milli. 
seconds. 


DISCUSSION 


Apparently all segments of the group II band of fibers in a cutaneous nerve 
feed into the internuncial system of the ipsilateral flexor reflex. Certainly not 
all the fibers in this band do so for extensor effects can be obtained by appro- 
priate natural stimulation of certain parts of the skin area supplied by sural 
nerve (Hagbarth, 1952). But those that do, on the evidence presented, are 
fairly evenly distributed throughout the band. Other functions of the group 
II band that have been studied rigorously do not display such an even dis- 
tribution. Thus the descending long spinal inhibition of flexor longus is in its 
afferent limb confined to the very lowest threshold fibers, and long spinal re- 
flex facilitation of other hind limb muscles to the high threshold members 
(Lloyd and McIntyre, 1948). Also the production of the “Ny,” deflection of 
Bernhard and Widén (1953) is due to action of the lower threshold group II 
fibers, but the band, apparently, is not as highly restricted as is that for long 
spinal reflex inhibition of flexor longus. Such fractionations of the group II 
band would seem to indicate functional differences in receptor origin for the 
several effects noted. It is true that the group II band of cutaneous nerves, 
which is to say the alpha and beta fibers, contains fibers subserving, in terms 
of sensation, a variety of modalities (Gasser, 1943). The problem raised by 
the form of the flexor reflex input-output relation, then, is whether one of the 
modalities, associable with flexor reflex action, is rather evenly distributed 
throughout the group II band whilst others are not, or whether fibers con- 
cerned in the several modalities are associable in terms of flexor reflex produc- 
tion, but not in relation to other actions, reflex and sensory. Unfortunately 
there is no immediate prospect of solving the problem. One could wish that 
the situation were as clear-cut as it is with respect to flexor reflexes elicited by 
stimulation of group II afferent fibers of muscle origin which arise exclusively, 
insofar as one can tell, in a single receptor type, the secondary or flower-spray 
endings of muscle spindles (Hunt, 1954). 

Although the upper limit in diameter of the “pain” fibers is uncertain (Gas 
ser, 1943) they are certainly concentrated in the group III band (delta fibers) 
and in the C or unmyelinated fiber group. Thus, while it is unlikely that one 
would be in error supposing the group III reflex (Lloyd, 19435) to be nocicep- 
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tive in character, it is equally unlikely that one would be correct in supposing 
the same of the group II flexor reflex. In this connection it is of interest that 
the group II fibers of cutaneous origin yield in the contralateral hind limb the 
dexor reflex noted by McCouch (1936) whereas it is the group III band in 
action that provokes the crossed extensor reflex that is linked classically with 
the ipsilateral withdrawal (i.e. flexor reflex) from a source of pain-producing 
stimulation (Perl, 1957). It is further of interest that the stretch threshold of 
the secondary spindle endings is so low (Hunt, 1954) that the group II flexor 
reflex of muscle origin cannot in the present state of knowledge reasonably be 
considered a nociceptive reaction. None of this, of course, proves that the 
group II reflex of cutaneous origin is not a nociceptive reaction. 


BIBLIOGRAPHY 


Alvord, E. C., Jr., and Fuortes, M. G. F., A comparison of flexor reflexes of cuta- 
neous and muscular origin, J. Physiol., 1954, 128, 251. 

Bernhard, C. G., Distribution of internuncial activity in a multineuron reflex chain, 
J. Neurophysiol., 1945, 8, 393. 

Bernhard, C. G., and Widén, L., On the origin of the negative and positive spinal 
cord potentials evoked by stimulation of low threshold cutaneous fibers, Acta 
Physiol. Scand., 1953, 29, suppl 106, 42. 

Eccles, J. C., and Sherrington, C. S., Studies on the flexor reflex. 1. Latent period, 
Proc. Roy. Soc. London, Series B, 1931, 107, 511. 

Forbes, A., The interpretation of spinal reflexes in terms of present knowledge of 
nerve conduction, Physiol. Rev., 1922, 2, 361. 

Gasser, H. S. Pain-producing impulses in peripheral nerves, in Pain, (H. G. Wolff, 
H. S. Gasser, and J. C. Hinsey, editors), Research Publication, Association for 
Research in Nervous and Mental Disease, Baltimore, The Williams and Wilkins 
Co., 1943, 28, 44. 

Hagbarth, K. E., Excitatory and inhibitory skin areas for flexor and extensor moto- 
neurones, Aca Physiol. Scand., 1952, 26, suppl. 94, 1. 

Hunt, C. C., Relation of function to diameter in afferent fibers of muscle nerves, 
J. Gen. Physiol., 1954, 38, 117. 

Hunt, C. C., Temporal fluctuation in excitability of spinal motoneurons and its in- 
fluence on monosynaptic reflex response, J. Gen. Physiol., 1955 a, 38, 801. 

Hunt, C. C., Monosynaptic reflex response of spinal motoneurons to graded afferent 
stimulation, J. Gen. Physiol., 1955 b, 38, 813. 

Loyd, D. P. C., Reflex action in relation to the pattern and peripheral source of 
afferent stimulation, J. Neurophysiol., 1943 a, 6, 111. 

Lloyd, D. P. C., Neuron patterns controlling transmission of ipsilateral hind-limb 
reflexes in cat, J. Neurophysiol., 1943 b, 6, 293. 

Lloyd, D. P. C., On the relation between discharge zone and subliminal fringe in a 
motoneuron pool supplied by a homogeneous presynaptic pathway, Vale J. 
Biol. and Med., 1945, 18, 117. 

Lloyd, D. P. C., Integrative pattern of excitation and inhibition in two-neuron re- 
flex arcs, J. Neurophysiol., 1946, 9, 439. 





306 INPUT-OUTPUT RELATION IN FLEXOR REFLEX 


Lloyd, D. P. C., Electrical manifestations of action in neurons, in The Biology oj 
Mental Health and Disease, New York, Paul B. Hoeber, Inc., 1952, 135, 

Lloyd, D. P. C., Monosynaptic reflex response of individual motoneurons as a func. 
tion of frequency, J. Gen. Physiol., 1957, 40, 435. 

Lloyd, D. P. C., and McIntyre, A. K., Analysis of forelimb-hindlimb reflex actiyity 
in acutely decapitate cats, J. Neurophysiol., 1948, 11, 455. 

Lloyd, D. P. C., and McIntyre, A. K., Dorsal column conduction of Group I muscle 
afferent fibers and their relay through Clarke’s column, J. Neurophysiol., 195), 
13, 39. 

Lloyd, D. P. C., and McIntyre, A. K., Monosynaptic reflex responses of individya} 
motoneurons, J. Gen. Physiol., 1955, 38, 771. 

Lloyd, D. P. C., and Wilson, V. J., Reflex depression in rhythmically active mono. 
synaptic reflex pathways, J. Gen. Physiol., 1957, 40, 409. 

Lorente de N6, R., Vestibulo-ocular reflex arc, Arch. Neurol. and Psychiat., 1933, 
30, 245. 

Lorente de N6, R., Analysis of the activity of the chains of internuncial neurons, 
J. Neurophysiol., 1938, 1, 207. 

McCouch, G. P., Note upon crossed reflexes in the acutely spinal cat, Am. J. Phys- 
iol., 1936, 115, 78. 

Perl, E. R., Crossed reflexes of cutaneous origin, Am. J. Physiol., 1957, 188, 609. 

Rall, W., A statistical theory of monosynaptic input-output relations, J. Cell. ond 
Comp. Physiol., 1955 a, 46, 373. 

Rall, W., Experimental monosynaptic input-output relations in the mammalian 
spinal cord, J. Cell. and Comp. Physiol., 1955 b, 46, 413. 


Rall, W., and Hunt, C. C., Analysis of reflex variability in terms of partially cor- 
related excitability fluctuation in a population of neurons, J. Gen. Physiol., 
1956, 39, 397. 

Ranson, S. W., and Hinsey, J. C., Reflexes in hind limbs of cats after transection of 
the spinal cord at various levels, Am. J. Physiol., 1930, 94, 471. 

Rosenblueth, A., Wiener, N., Pitts, W., and Garcia Ramos, J., A statistical analysis 
of synaptic conduction, J. Cell. and Comp. Physiol., 1949, 34, 173. 





THE PROTEIN COATS OR “GHOSTS” OF COLI PHAGE T2 
Il. THe Brorocicat Functions* 


By ROGER M. HERRIOTT anv JAMES L. BARLOWY,§ 


(From the Department of Biochemistry, The Johns Hopkins University, 
School of Hygiene and Public Health, Baltimore) 


(Received for publication, May 27, 1957) 


ABSTRACT 


Phage coats or ghosts, composed entirely of protein, appear to be responsible for 
protecting the phage nucleic acid from degradation by factors in the surrounding 
medium; attachment of the virus to its susceptible host; and delivering the nucleic 
acid to the interior of the cell. In addition, the ghosts have a number of biological 
actions which resemble similar actions of the parent phage. Thus, they both “kill” 
cells, inhibit pentosenucleic acid formation, interfere with subsequent infection by 
other virus particles, block adaptive enzyme formation, induce or trigger lysis of 
the host, and cause a leakage of phosphorus-containing fragments from the cell. 
Results to date fail to demonstrate a direct involvement of the ghosts in the passage 
of genetic information to the progeny. Several of the above changes induced in the 
host cell following attachment of ghosts could be derived from an alteration in but 
a single metabolic reaction. The stoichiometry of the ghost—bacterial cell interaction 
is different from that of the parent phage. Experiments to distinguish between a 
variable response of the host cell to reaction at different sites and a state of hetero- 
geneity in the ghost preparations suggest the former but they are not decisive. 


It was reported earlier (1) that certain biological properties of intact T2 
phage were also found in its coat or ghost freed of the nucleic acid. The pres- 
ent article describes in some detail the experiments and results involved in an 
extension of that report. 

It will be shown that the phage properties of (a) host range specificity, (5) 
“killing” action, (¢) inhibition of host PNA synthesis, (d) interference, (e) 
induction of lysis in the host cells, and (f) induced leakage of host phospho- 
Tus-containing fragments are also properties of the proteinous coat or “ghost.” 
No genetic activity was detectable in the ghosts. These findings point to a 
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high degree of functional specialization by the chemically and morphologically 
distinct components of T2 phage. F 
An article (2) describing the preparation and assay of T2 ghosts preceded 
the present one in order to define and establish the units and chemical nature 
of the ghosts before entering into a discussion of their biological properties, 


Materials and Methods 


The materials and methods used in the present work were in general those ¢:. 
scribed earlier (2). Any deviation will be noted in the protocols of the experiments, 


TABLE I 
Host Range Specificity 
Adsorption of S* T2 Phage and Ghosts to Various Strains of E. coli 
Materials.—The strains of B/2 and B/4 were obtained through the kindness of Dr. 7 
F. Anderson of the University of Pennsylvania. The phage was labelled as described ear. 
lier (2) and the ghosts were prepared from it by osmotic shock. 


Procedure.—The procedure was similar to that described for Table III of the previous 
article (2). 





Multiplicity Counts per min. in supernatant 





Strains of cells | B B/2 B/4 





| 73 28 
70 12 


| 317 140 
| 312 | 40 











EXPERIMENTAL 


Host Range Specificity.—It is well known that there are strains of host cells 
that are resistant to particular phage strains while being susceptible to others. 
It has been shown (3) that in some of these instances the phage does not at- 
tach to the resistant cell. Studies were initiated to compare the host range of 
the ghosts to that of the phage, and the results of these experiments are shown 
in Table I. 

B/2 cells are resistant to phage T2 but susceptible to other phages, and 
B/4 are resistant to T4 phage but susceptible to others. If the ghosts deter- 
mine the host range of the phage, they should exhibit the same selectivity of 
hosts as the intact virus. This was found to be the case. 

Sulfur *-labelled phage and ghosts were incubated with aliquots of B, B/2, 
and B/4 cells after which the cells were centrifuged and the radioactivity 
remaining in the supernatant fluid determined. It is abundantly clear from 
the results in Table I that T2 ghosts like the parent phage do not adsorb to 
B/2 organisms, yet they both adsorb to B and B/4 cells. Though this con- 
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stitutes a small number of cases, it suggests that the host range specificity of 
a phage is determined by the specificity built into its protein coat—probably 
at the tip of the tail where contact with the cell wall is made (4). 

The results showing that 15 to 20 per cent of the label is not adsorbed to 
host cells with radioactive S**-labelled phage and ghosts, confirm the earlier 
experiments of Hershey (5, 6) and the recent ones of French and Siminovitch 
(7), However, using an electron microscope Bonifas and Kellenberger (8) 
have examined a comparable supernatant fluid following centrifugation and 
report that no ghosts could be found though as little as 0.1 per cent of the 
initial number could be detected if present. This means that some interpreta- 
tion other than the non-adsorption of some ghosts must be found. Perhaps 
there is a partial breakdown of the labelled ghosts following adsorption. Since 
there is no such partial breakdown following phage infection, it must be con- 
cluded that either the breakdown observed in ghosts is confined to the “non- 
killers” (see section on “Killing” action of ghosts) or that there may be an 
important difference in the fate of the ghost when acting alone, from that 
when acting in conjunction with the phage DNA. 

The suggestion of Bonifas and Kellenberger that the non-adsorbed isotope 
might represent labelled material detached from the coat at the time of os- 
motic shock has been removed by Hershey (6) who found only ca. 2 to 3 per 
cent of the phage sulfur in the supernatant fluid following removal of the 
ghosts from a “‘shockate” by sedimentation. 


The “Killing” Action of Ghosts.— 


It has been known for some time that the property of virulent phages of 
preventing their host cells from forming colonies is not dependent on the 
replicating capacity of the phage. Thus, ultraviolet light (9) or x-ray (10) 
inactivated phage “‘kills” the host cells. However, it is not possible to decide 
from these experiments whether the killing resulted from injection of the viral 
nucleic acid into the host or from an effect of the protein ghost, or both. Ex- 
periments using ghosts freed of nucleic acid leave no doubt that the host cells 
are rendered incapable of forming colonies (killed) by the protein ghost. 

Fig. 1 illustrates how the number of viable cells (colony-forming units) 
decreases with increasing number of ghosts. A comparable experiment using 
the parent phage is included for comparison. As is well known for T2 phage 
the curve follows the theoretical “one-hit” or exponential curve (11). The 
linear nature of the ghost curve with its passage through the origin confirms 
the observations of Bonifas and Kellenberger (8) and constitutes strong evi- 
dence that the killing by ghosts is due to a single particle. 

The smaller slope of the ghost curve compared to the phage suggests that 
only a fraction of the ghosts are effective killers. This situation has also been 
observed by others (8, 7, 6). The e* value, the number of ghost particles 
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equalling one inactivating dose, is found by interpolating at 0,37 survival 
This dose is an average multiplicity of 1 per cell for phage, but between 2 and 
3 per cell for ghosts. Interpretation of this finding will be delayed until the 
mechanism of action is considered. 
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Fic. 1. Killing of nutrient broth-grown E. coli B by ghosts. Open circles on the 
ghost curve were obtained with ghosts prepared by osmotic shock. The crosses rep- 
resent ghosts prepared by crenation with sucrose, and the closed circles represent 
ghosts prepared by the action of 2 x 10~* mw pyrophosphate at pH 8.9. 





Although there are reports (8, 7) of considerable variation in the proportion 
of killers in ghost preparations, our preparations have been relatively constant 
with one or two possible exceptions. Perhaps the variation observed by others 
is due to variations in divalent cations, known to depress ghost action (12). 
The report (7) of Weidel’s obtaining greater than 90 per cent killers is most 
interesting. 

In an attempt to determine whether the low proportion of killers had its 
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origin in the method of preparation, ghosts were prepared by three quite 
different methods—osmotic shock using sodium sulfate or glycerine, crenation 
with concentrated sucrose solution (13), and liberation of the nucleic acid by 
dilute pyrophosphate (14). All preparations showed the same proportion of 
killers (about 45 per cent) as seen in Fig. 1. Purified ghosts, i.e. separated 
from the nucleic acid, had the same killing efficiency as the crude prepara- 
tions. In addition, ghosts formed from phage produced in nutrient broth- 
grown cells were not different from their counterpart obtained from synthetic 
medium-prepared phage. In similar experiments, Hershey (6) found about 
the same fraction of killers as reported here. 

It is of some interest that Siminovitch (15) has suggested that ghosts of 
the temperate phage A do not kill the host cell even though they adsorb. As 
he points out, this may have important implications regarding the differences 
in the course of infection of the two types of phages. 


Experimental Procedure (Fig. 1) 

Coli B grown in nutrient broth to 2 to 3 X 10*/ml. in 10 ml. quantities was mixed 
with 1 ml. quantities of T2 phage or ghosts of the appropriate concentration to yield 
the indicated multiplicity. These tubes were shaken at 37°C. for 5 minutes after 
which they were diluted and plated for colony-forming units. Appropriate controls 
were included. The methods of preparing ghosts have been described (2). 


Inhibition of Growth by Non-Killing Ghosts.— 


Experiments earlier in this paper suggest that half or more of the ghosts 
in a preparation do not kill or lyse susceptible cells to which they adsorb. It 
was of some interest to determine whether the non-killing ghosts are deficient 
in other functions. It was expected that any effect on the metabolic systems 
of the host would produce a diminished growth rate so that a correlation was 
made of the turbidity changes with time of cultures at a low multiplicity of 
ghosts. A low multiplicity (0.5) was chosen in order to observe as nearly as 
was practicable the effect of singly “infected” cells and to prevent equivocal 
results at higher multiplicities due to lysis which, of course, would offset a 
corresponding growth. 

The experimental results are shown in Fig. 2 from which it may be con- 
cluded that non-killer ghosts inhibit cell multiplication and, therefore, con- 
firm the results of French and Siminovitch (7). On the basis of a random dis- 
tribution of ghosts among the cells it was expected that at a multiplicity of 
0.5, the cell growth would be depressed to 60 per cent of normal, if all the 
ghosts were effective inhibitors of growth and would follow the same curve 
a8 a system infected with phage at this multiplicity. If, however, only the 
killer ghosts inhibited growth, the turbidity rise would lie between the two 
curves. The experimental observations of both the phage and ghosts fell on 
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the same curve which has a slope of 58 per cent of the control. It is difficult 
to see how a composite of normal and recovering cells in any proportion could 
account for this result unless it is assumed that under the particular experi 
mental conditions growth of normal uninfected cells is depressed by just the 
necessary amount. It is tentatively concluded, therefore, that non-killing 
ghosts inhibit cell growth. 

French and Siminovitch (7) have reported that some ghost-treated cells 
recover in synthetic medium after about 80 to 90 minutes. This extended 
delay may be due to the nature of the medium and/or to the magnesium jon, 
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Fic. 2. Evidence of inhibition of growth of EZ. coli B by non-killer ghosts. Closed 
circles are from the uninfected control. The open circles represent ghosts at an av- 
erage multiplicity of 0.5. The crosses represent a phage control at an average multi- 
plicity of 0.5. The ordinate is optical density units read from a Coleman Jr. spectro- 
photometer at 650 mu. 











In the present studies the inhibited but viable cells began to multiply soon 
after dilution into fresh nutrient broth as shown by a logarithmic rise in col 
ony count, yet no evidence of toxic or inhibitory material was detectable in 
ghost lysates of cells. 

It was expected from the above results that growth curves as represented 
by turbidity measurements of cultures having varying multiplicities of ghosts 
should turn upwards after an initial delay or drop due to inhibition or lysis. 
This was not observed in Fig. 2 of the previous paper (2) and it was indicated 
that the residual phage in the ghost preparation could produce sufficient 
phage in situ to infect most of the cells after 20 to 30 minutes. To examine 
the effect of ghosts without the complicating effect of phage the latter wes 
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reduced by differential centrifugation and by short exposures to ultraviolet 


‘ight. Such preparations, when tested as described earlier (2), produced the 
ght. : ; : 

curves shown in Fig. 3. It is clear that in the absence of phage the growth of 
ells is observed, but the systems are too complex to attempt to separate nor- 


mal and recovering cell growth. 
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TIME AT 37°C. 
Fic. 3. Effect of time on the change in cell concentration at various multiplicities 
of ghosts. The phage concentration in this purified ghost preparation was reduced 


to below 0.01 per cent. The number on each curve is the average multiplicity of 
ghosts. 


Experimental Procedure (Fig. 2) 


To 10 ml. aliquots of coli B grown in nutrient broth to an o.D. of 0.115 = 3.8 Xx 
\°/ml., was added 1 ml. of dilutions of 1.9 X 10*/ml. ghosts or phage which was 
shaken at 37°C. The turbidity was read in a Coleman Jr. spectrophotometer at 650 
my immediately after mixing and at intervals thereafter. Controls of free growing 
cells were also included. 


Experimental Procedure (Fig. 3) 


As described for Fig. 2 of the earlier paper (2) except that the ghosts were freed 
{ phage by fractional sedimentation (16) or by short exposures to ultraviolet light 
20 seconds at 80 cm. to 1 to 2 mm. layer of saline solution). This treatment had no 
detectable effect on the ghost lytic action. 
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Lysis by Ghosts.— 


Lysis by ghosts of growing cultures of coli B was the property which fo 
stimulated this study of the specific biological functions of the ghosts, Since 
lysis was essentially complete in a short time and was correlated with the 
number or concentration of ghosts added, an assay procedure was developed 
in which the extent of lysis was evaluated from turbidity measurements (2), 
Useful as this method is, it does not permit a direct evaluation of the exac: 
number of ghosts needed for lysis of a cell. If each ghost is able to trigger the 
lytic mechanism, then the decrease in number of unlysed cells should be log- 
arithmic with increasing multiplicities of ghosts. The equation: 


N/No = «= 


describes such a case, in which V/N> is the fraction of surviving unlysed cell 
and m represents the average multiplicity used. a is a constant which ind- 
cates the proportion of effective ghosts in the preparation. If the combined 
action of more than one ghost is necessary for lysis, the curve will start with 
a small slope and then curve downwards. 

In nutrient broth a turbidimetric analysis of the lytic system was compli- 
cated by the growth of free cells. Freshly grown log phase cells washed and 
resuspended in buffered saline responded to ghosts as shown in Fig. 4. The 
linear nature of the results indicates that a single ghost triggers the lytic proc- 
ess. However, the value of a is about 0.35, suggesting that only 35 per cent 
of the ghosts are effective. In the presence of 0.001 m cyanide a@ equalled 0.45. 
It may be noted here that the correlations reported in a previous paper (2) 
between changes in turbidity and loss of cells showed that “lysis” was essen- 
tially an all-or-none process. It has been assumed that in saline that relation- 
ship still holds. 

Lysis by ghosts has many features in common with lysis by high multiplic- 
ities of phage noted by Krueger and Northrop (17) for staphylococcus phage 
and described by Delbriick (18) for the coli systems as “lysis from without” 
(LFW). Lysis is also induced prematurely when the energy-generating sys 
tems of the cells multiply infected with wild type phage are uncoupled by the 
addition of cyanide (19), iodoacetate (20), or dinitrophenol (21) (see (20) for 
a discussion). In all these instances lysis was initiated within a few minutes 
in marked contrast to lysis following infection. 

The triggering of cell lysis by ghosts and LFW by phage are inhibited by 
divalent cations (22, 12, 23), thereby explaining why the process in synthetic 
medium is incomplete or requires many more ghosts. 

A few additional experiments will be summarized briefly because of their 
relationship to the problem of lysis. Attempts to lyse infected cells with as 
many as 100 ghosts per cell were unsuccessful. Ghosts induce lysis in cells 
suspended in physiological saline so that exogenous nutrilites are not essential 
to the reaction. 
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Some years ago Anderson (24) reported a “dysin” obtained by irradiating 
T2 phage with ultraviolet light. Since the lysin failed to sediment in an hour 
at 30,000 R.P.M., it was suggested that the agent was an enzyme. It was active 
on cells irradiated with ultraviolet light. Ralston et al. (25) have more recently 


observed a lytic factor in lysates of Staphylococcus aureus infected with P14 
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Fic. 4. Lysis of coli B by ghosts in buffered saline. The left-hand curve was ob- 
tained when 0.001 ma NaCN was added to the buffered saline. 





phage. This agent also fails to sediment at 35,000 X g in an hour and lyses 
heat-killed celis or live cells when acting with the phage. It appears that this 
agent is quite different from T2 ghosts. 

Bronfenbrenner (26) has suggested an interesting mechanism for lysis of 
bacteria, and it is quite possible that in ghost lysis or even phage LFW that 
the cell’s metabolism is so disrupted that there follows an enzymatic break- 
down of large molecules with a corresponding increase in osmotic equivalents. 
Cells undergoing lysis by ghosts usually become spherical prior to bursting 
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indicating that they may be experiencing a weakening in the cell wall struc. 
ture, an increase in internal pressure, or both. 

Little is known about the mechanism of lysis by ghosts or LFW by phage, 
but any hypothesis will necessarily have to be fitted to many facts, some of 
which have been enumerated above. Perhaps the most interesting are the 
complete blocking of LFW by increasing the magnesium ion concentration 
to 0.01 molar (12, 23), the complete resistance of infected cells to ghost lysis, 
and the initiation of lysis by interrupting the energy metabolism of cells jn. 
fected with wild type phage (20, 21). 


Experimental Procedure (Fig. 4) 


Coli B were grown in nutrient broth to 1 X 10*/ml. after which they were chilled, 
centrifuged, washed once with saline, and then resuspended in one-third to one-half 
its original volume of saline buffered with m/S0 phosphate pH 7.2. After warming 
for 5 minutes at 37°C., 1 ml. of saline solution of freshly prepared ghosts was added 
to 10 ml. of the cells and the turbidity read in a Coleman Jr. spectrophotometer at 
650 my after 30 and 60 minutes’ shaking. The fraction of unlysed cells after 60 min- 
utes was calculated after first subtracting a blank of 0.01 representing the turbidity 
of completely lysed cells. Lysis in nutrient broth to which was added sodium cyanide 
was studied in a comparable series. The final concentration of sodium cyanide was 
0.001 m. 


Inhibition of PNA Syntheses.— 


A number of years ago Cohen (27) reported that T2 phage inhibits PNA 
synthesis in £. coli B, and Manson (28) has confirmed this with P® studies. 
Hershey’s data (5), however, suggest that the inhibition is not complete for 
in his experiments a rapid turnover of about 2 per cent of the PNA was ob- 
served immediately after infection. Since this general inhibition is one of the 
characteristic properties of at least the T-even phages, it was looked for in 
ghost-“infected” cells. To overcome the necessity of correcting for RNA 
synthesized by cells having no ghosts a multiplicity of 4 was used. This mul- 
tiplicity left only 2 to 3 per cent of the cells free of ghosts; it killed over 80 
per cent of the cells, and lysed about 15 per cent. Over 80 per cent of the cells 
remained intact as judged by turbidity and they synthesized some protein 
and deoxyribosenucleic acid (DNA) but no net synthesis of PNA could be 
detected in a 45 minute period (29, 30). 

Using uptake of inorganic P® phosphate into the PNA fraction as the meas- 
ure of PNA synthesis, it may be seen in Fig. 5 that on the average twice as 
many ghosts as phage were necessary for a given inhibition. A logarithmic 
fall-off was obtained. By itself this might not be highly significant for there 
are many unproven assumptions involved in such an experiment. Neverthe- 
less, with other properties responding in a similar manner this result takes on 
somewhat more significance and suggests that a single ghost blocks the forma- 
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tion of RNA. The similar observation that only one in every 2 to 3 ghosts is 
responsible for the killing action suggests that only the killer ghosts carry the 
other properties, but other alternatives will be discussed later. 
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Fic. 5. Inhibition of PNA synthesis by ghosts. Solid circles were obtained with 


crude and purified ghosts. The open circles were obtained with T2 phage and they 
serve as a control. 





The tendency of the lower points in both curves in Fig. 5 to fall above the 
straight lines suggests that there may be a small incorporation of P® phos- 
phate into PNA and that this assumes a more prominent place as the inhibi- 
tion of PNA synthesis is more extensive. This is supported by the results 
noted above of Hershey and Chase (5). Lehman (30) observed considerably 
more incorporation in ghost-inhibited cells than in phage-infected cells (5) 
which agrees with the greater deviation noted in Fig. 5. 

The ghost curves were not extended to higher multiplicities because of the 
complications in interpretation due to lysis. 
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Experimental Procedure (Fig. 5) 


Fifty ml. aliquots of Z. coli B in nutrient broth were grown to 3 X 10°/ml. after 
which 1 ml. quantities of ghosts or phage were added followed by 1 microcurie of 
P® as inorganic phosphate. The suspensions were then agitated for 20 minutes at 
37°C. after which the turbidities were checked and the suspensions chilled, centri- 
fuged, washed with cold 5 per cent TCA, and extracted in n/1 KOH according to 
the Schmidt-Thannhauser procedure (31), and after acid precipitation the radio- 
activity of the soluble fraction was assayed with a Geiger counter which had been 
standardized. Four separate experiments were performed. 


Inhibition of Adaptive Enzyme Formation.— 


It is known (32, 33) that phage infection blocks the formation of adaptive 
enzymes and interrupts adaptation if it is under way. Sher and Mallette (34) 
found that the adaptive formation of lysine decarboxylase was blocked by 
T2 ghosts. French and Siminovitch (7) reported similar results for 8-galacto- 
sidase. The latter workers have presented evidence that suggests that the 
inhibition of adaptive enzymes is a property of non-killer as well as killer 
ghosts. 


Leakage of Phosphorus-Containing Components.— 


A number of investigators (35-37) have observed that phage-infected cells 
lose certain cellular constituents soon after infection is initiated. Prater 
(36), Puck and Lee (38), and Lehman (30) obtained similar findings follow- 
ing the interaction of phage ghosts and coli. In our earlier paper (2) in 
which the evidence bearing on the correlation of turbidity changes with lysis 
of cells was considered, it became clear that cellular phosphorus appeared 
in the supernatant before there was true lysis of cells. Additional data from 
tracer studies will be offered in the succeeding papers (39), but it seems cer- 
tain that leakage of cellular phosphorus must be included among the effects 
produced by ghosts. It is not entirely clear whether this leakage is due in part 
or entirely to an effect on cell wall permeability, to a breakdown of nucleic 
acids, or to some other response. 


Cytological Changes.— 


The infection of coli by T2 phage produces characteristic cytological changes 
which have been examined in some detail by others (40-41). An independent 
study (8) covering the action of ghosts has already appeared and our results’ 
are essentially in agreement with those so that only the conclusions will be 
noted here. 

The cytological changes observed either in unstained cells under phase 


1 The writers are indebted to Dr. Katherine Schaeffer for her counsel and exam- 
ination of the specimens. 
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microscope or in cells stained with Giemsa after acid treatment showed that 
ghosts produce a change in cells which is distinguishable from that seen in 
phage-infected or normal cells. For the first 5 minutes the cells infected with 
phage or ghosts were very similar, after which cells with ghosts showed an 
accumulation of the opaque material in the ends of the cells like polar bodies 
leaving a vacuole or clear area in the center; whereas in phage infection there 
were marginal vacuoles. Normal cells under the phase microscope remain 
uniformly opaque. 


Interference.— 


In common with many viral (42) and rickettsial agents (43, 44) the coli T 
viruses possess the property of initiating in their host a mechanism (45) against 
subsequent infection by other virus particles. Hershey (46) has pointed out 
that there are probably two kinds of interference—one, mutual exclusion in 
which a cell produces only one of the viruses even though the cell is infected 
essentially simultaneously with both. The other type of interference has been 
analyzed by Dulbecco (47). In it a period of metabolism (3 to 5 minutes) 
after the primary infection prevents the bulk of superinfecting particles from 
contributing genetic markers to the progeny. 

It has been known that ultraviolet light (45) or x-ray (10) inactivated 
phage T2 interferes with active phage infection, but in these instances as 
with active phage it is not possible to assign the interference function to a 
particular viral component for both protein and nucleic acid were present. 
An answer to this puzzle was obtained using ghosts freed of nucleic acid. 

Fig. 6 contains a semilogarithmic plot of the results of a set of interference 
experiments in which the fraction of secondarily infecting particles which 
produce progeny is plotted against the average multiplicity of ghosts used 
in primary infection. Once again the linear nature of the curve suggests that 
a single ghost induced the changes leading to interference as had been ob- 
served for phage. Others (8, 48, 7) have also observed interference by ghosts. 
French and Siminovitch (7) report that even non-killer ghosts interfere. The 
present studies do not support their conclusion (see Fig. 6), but it is worth 
noting that the present studies were carried out with nutrient broth-grown 
cells, whereas their work was performed with synthetic medium cells. Lysis 
of host cells by the ghosts cannot account for the interference since a micro- 
scopic count of the cells during the hour after adsorption of the virus showed 
many more normal appearing cells than the number which formed plaques. 

When phage was mixed with ghosts and this mixture added to nutrient 
broth-grown cells, prevention of the development of infective centers also 
occurred as may be seen in Fig. 7. Here the fraction of the infected units ob- 
served is plotted against the average multiplicity of ghosts. It is again clear 
that the ghosts prevent the development of infective centers even though they 
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are applied simultaneously. When the mixture of phage and ghosts was ad- 
sorbed to washed starved cells (49) and then placed in nutrient, a much higher 
fraction of infective centers was found indicating considerably less interfer- 
ence. This last picture is complicated by a low (30 per cent) recovery of in- 
fective centers in the absence of ghosts—a situation reported earlier by Ben- 
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Fic. 6. Ghost interference with delayed superinfection. 





zer (49). This combined with lysis at high multiplicities for which a correction 
has been indicated in Fig. 7, and it is readily seen that any conclusion about 
this system is very tenuous. 

Freshly shocked or purified ghosts also interfered with delayed superin- 
fection by T1 and T4 phages in essentially the same way as noted for T2, 
thus confirming the observations of French and Siminovitch (7). 

The present work throws very little light on the mechanism of the inter- 
ference phenomenon. It appears to be metabolic in nature, and it is clear that 
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shosts induce metabolic changes. Interference by ghosts is apparently not due 
to a breakdown of the superinfecting viral nucleic acid (48). Whether the 
mechanisms of ghost and phage interference are the same has not been re- 
vealed, but it seems established that in actively growing cells ghosts induce 
interference. 


“Lysis Inhibition” — 


The property which distinguishes the wild type “r+” strain of the T-even 
phages from the rapid lysis “‘r” strain is the capacity of the former to inhibit 
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Fic. 7. Ghost interference with simultaneous infection. The closed circles and 
open triangles represent experiments in which the mixture of phage and ghosts was 
added to cells in nutrient broth at 37°C. The squares were obtained by first adsorb- 
ing the mixture of phage and ghosts to washed starved cells suspended in adsorbing 
medium after which nutrient was added. The arrows indicate the position of the 
points if correction is made for lysis. 





or delay lysis of infected cells (50). To determine whether this property re- 
sides in the protein or is a function of the whole virus, cells were singly in- 
fected with T2h virus at a multiplicity (P/B) of 0.1 and 10 minutes later T2 
ghosts or phage were added so the multiplicity was 2.5. The lysis time in these 
experiments was detected by determining the release of newly formed phage. 
To prevent readsorption of the released phage the cells were diluted exten- 
‘ively in warm nutrient broth after which samples were withdrawn every few 
minutes and plated for infectious centers on B/2 cells. Use of B/2 cells per- 
mitted detection of the lysis of T2h-infected cells without the necessity of 


correcting for the T2 from the control in which T2 phage was the secondary 
inhibiting agent. 
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The results in Fig. 8 show that the T2 ghosts delayed lysis of T2h-infected 
cells by not more than 2 to 3 minutes, whereas T2 phage delayed lysis by 9 
minutes. 

In every experiment the ghosts delayed lysis by a few minutes so that it 
cannot be said that they have no inhibitory power, but in no case did the inhi- 
bition exceed a third of that exhibited by whole phage. The stronger inhibitory 
power of whole phage is quite clear. ; 
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Fic. 8. “Lysis inhibition” by T2 ghosts. Closed circles are from a control in which 
no secondary agent was added. Crosses are from the experiment in which T2 ghosts 
were the secondary agent. The open circles were obtained when T2 phage was the 
secondary agent. 


Experimental Procedure (Fig. 8) 
Materials 


The following solutions were prepared in nutrient broth: 
I = 4 X 10’/ml. T2h 

II = 1 X 10°/ml. T2 

III = 1 X 10°*/ml. T2 ghosts prepared by osmotic shock 
C = coli B grown up to 2 X 10*/ml. 


Procedure 


To three tubes containing 1 ml. of cells (C) was added 0.5 ml. of T2h(I). These 
were shaken 10 minutes at 37°C. after which 0.5 ml. of nutrient broth was added to 
the first tube; 0.5 ml. of T2(II) was added to the second; 0.5 ml. of T2 ghosts(III) 
was added to the third. The tubes were shaken for another 5 minutes after which 
they were diluted 4 X 105-fold in warm nutrient broth and 10 ml. of the final dilu- 





ROGER M. HERRIOTT AND JAMES L. BARLOW 323 


tion shaken at 37°C. At 3 or 4 minute intervals starting at 20 minutes after mixing 
the cells with T2h phage, 0.5 ml. aliquots were mixed with 10 ml. of diluting agar 
and B/2 cells, and 2 ml. pipetted onto nutrient agar plates. 


Recombination.— 


It seemed important to determine whether any discernible relationship 
existed between the ghost and the formation of recombinants. Cross-reactiva- 
tion (intracellular restoration of an inactivated phage by a related active one) 


TABLE II 
Cross-Reactivation with Ghosts 


E. coli B grown to 1 X 10*/ml. in nutrient broth were chilled, centrifuged, and washed 
once with cold adsorbing medium (5), and then resuspended in one-quarter of the original 
volume of adsorbing medium. To 0.5 ml. aliquots of this suspension of cells were added 0.5 
ml. aliquots of primary phage, T2h or T4, mixed with the cross-reactivating component to 
give the multiplicity noted in the table. In the systems containing T4, 5 yg. per ml. of sterile 
tryptophan was added to promote adsorption of the phage. These systems, after agitation 
at 37°C. for 5 minutes, were diluted with 9 ml. of warm nutrient broth, incubated 10 min- 
utes, then diluted and plated on the indicated organism. Ultraviolet-treated phage con- 
tained 0.2 per cent residual active phage. 





Primary phage. T2h 
Cross-reactivating phage or ghosts T2 
Plating organism B/2 





Composition of system* Titers per ml. 


0.1 P.P.f alone. . i testes stag ‘ | 
0.1 P.P. +2. CR phage.. ae eee ee : 
0.1 U.V.P.P.|| alone. . 

0.1 U.V.P.P. +2CR. ‘phase... 
0.1 U.V.P.P. + 2 C.R. ghosts 











* The figures indicate the average multiplicities. 
t Primary phage. 
§ Cross-reactivating phage. 

Ultraviolet-treated phage. 


is a type of recombination which lends itself to the present problem. Wild- 
type T2 ghosts were mixed with ultraviolet light-inactivated T2h phage in a 
ratio of 20:1 and added to washed and starved log phase E. coli B suspended 
in Hershey’s adsorbing medium (5). The multiplicity of T2 ghosts was 2. 
These were then plated on B/2. As seen in Table II, the ghosts failed to cross- 
reactivate; whereas, whole phage in place of the ghosts resulted in good cross- 
reactivation. 

In similar experiments, ultraviolet-inactivated T4 was not reactivated by 
ghosts of the T4rII47, nor was the opposite cross successful; whereas in the 
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controls using phage in place of the ghosts, reactivation was easily demon- 
strable by plating on the K12 coli lysogenized with \ phage (51, 52), These 
results are seen in Table II. 

While the above results represent only a few experiments and, therefore, 
do not settle the point, they suggest that the protein component of the phage 
does not enter into the formation of recombinants. This result was not un- 
expected in the light of the accumulating evidence that phage DNA carries 
the genetic properties. 


The Mechanism of Ghost Action.— 


Throughout this paper the different responses of the cell to ghosts have 
been emphasized and have even been indicated as biological functions of the 
ghost. This may be misleading for several of the different responses could be 
manifestations of but a single change in the cell’s metabolic or physiologic 
make-up. That there are at least two independent functions of ghosts is sug- 
gested by the difference in the cell’s response to killer and non-killer ghosts. 
Both inhibit growth but the former destroy the cell’s capacity to form prog- 
eny, whereas the latter do not. Perhaps the non-killer ghosts inhibit growth 
by reducing protein synthesis (7). 

It has been found that on the average about one in every two ghosts kills 
a cell, interferes with superinfecting phage, and inhibits PNA synthesis. If 
these are not independent responses, they probably occur in the same cells, 
This would suggest that perhaps the killer ghost acts by inhibiting PNA syn- 
thesis and this change leads to exclusion of superinfection and to a block in 
cell division. Interpretation of these relationships is complicated, however, 
by changes in the cell’s permeability following ghost action (36, 30, 38) and 
by changes in the chromatin-staining structures, the consequences of which 
are probably vital. Yet, the effects produced by ghosts are reasonably specific 
and do not produce a general breakdown for no change was observed? in the 
oxygen uptake, respiration, or phosphorus uptake and esterification (29, 30). 

It is reasonably clear from kinetic studies that the lethal action is brought 
on by a single ghost and not by the cumulative action of several non-killer 
ghosts for the latter would have produced a “shouldered” curve near the ori- 
gin instead of a straight line through it. 

Use of the terms killer and non-killer ghosts appears to acknowledge as 
fact a state of heterogeneity in ghost preparations, but as the next section 
will show there are other equally suitable and likely explanations which as- 
sume only a single type of ghost. 


? French (53, 7) has reported a drop in these properties following adsorption of 
ghosts and, therefore, differs with the observations of this laboratory (30). These 
results will be discussed in greater detail in the forthcoming paper (39). 
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Heterogeneity in the Ghosts or Cell Receptor Sites 


Kinetic evidence has accumulated which suggests that a single ghost pro- 
duces changes in many properties of the host cell. Thus, the linear drop from 
the origin of a semilogarithmic plot of surviving normal cells against an in- 
creasing mean multiplicity of ghosts indicates that the change is induced by 
a single ghost (11). In such a plot if every ghost is effective, the slope of the 
curve should be 0.434. A plot of surviving cells against increasing multiplic- 
ities of phage T2 has this slope. However, with ghosts a slope of 0.2 is ob- 
tained as may be seen in Figs. 1 and 4, suggesting that perhaps the stoichiom- 
etry of the ghost action is greater than one to one and, hence, that a fraction 
of the ghosts is ineffective. 

The ratio of observed slope to 0.434 is a measure of the proportion of effec- 
tive ghosts. Despite the use of such apparently meaningful terms as “effec- 
tive” or killer ghosts the analyses thus far do not permit a decision on which 
reactant in the ghost-cell system is heterogeneous for it could arise from any 
of the following possibilities or a combination of them: 

(2) Failure of a Fraction of the Ghosts to Adsorb.—Although as much as 15 
to 20 per cent of the isotope of S*-labelled ghosts has been found in the super- 
natant following adsorption to sensitive cells (8, 6, 2), a decisive interpreta- 
tion of these findings is not possible (see section on “Host range specificity” 
for discussion). Even if the non-adsorbing 15 to 20 per cent should prove to 
be different ghosts, this is insufficient to account for the 40 to 50 per cent level 
of heterogeneity of most preparations. 

(b) The Heterogeneity Is in the Parent Phage.—Despite the essentially the- 
oretical distribution of phage on host cells as judged by its infectivity or kill- 
ing action it is possible that phage is heterogeneous only in respect to its 
ghosts. However, isolates from single phage plaques did not yield ghosts ex- 
hibiting a proportion of killers to total ghosts that was different from the 
bulk of the phage. Some variation in the proportion of killers in ghost prep- 
arations has been reported from other laboratories (8, 7), but it is known that 
the composition of the medium, particularly the divalent cations (22, 12), 
influences ghost action, and it is not clear whether this played any part in the 
variation. Considerable variation in neutralization of T2 by antiserum as 
judged by infectivity in different hosts has been observed by Tanami and 
Miyajima (54). These results were independent of the host in which the phage 
was prepared which, as the authors point out, shows that the phage is hered- 
itarily stable. It does not exclude the possibility of heterogeneity in the phage. 
However, Tanami and Miyajima (54) prefer a “polyphasic” neutralization 
of a complex site of attachment to account for their results. The magnitude 
of the variation is similar to that observed with ghosts. Since the experiments 
are not decisive, further consideration must be given to this possibility. 
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(c) The Ghosts Are Heterogeneous.—Using fundamentally different methods 
of preparation (2), ghosts essentially indistinguishable in properties were 
produced so that the heterogeneity must be independent of the method of 
formation. The possibility remains that the release of nucleic acid by any 
method may injure a fraction of the ghosts from even homogeneous phage. 
Attempts to fractionate ghost preparations have thus far proven unsuccessful. 

(d) The Host Cells Are Heterogeneous——This is incompatible with a log- 
arithmic decrease in normal cells as the average multiplicity of phage or 
ghosts increases. If the host cells were heterogeneous, then with the destruc. 
tion of susceptibles there should be an increase in the proportion of resistants, 
This was not observed. 

(e) The Receptor Sites of the Host Are Different—Cells are known to 
have over a hundred receptor sites (55) and since most of the collisions be- 
tween cells and phage T2 lead to infection (55) each site must be equal 
in this respect. It seems possible, however, that these sites may not be 
equal with respect to their reaction with ghosts. It could be supposed, for 
example, that the iocation or nature of some receptor sites is such that ghosts 
of uniform properties elicit different physiological responses in the host cells 
depending on the site to which the ghost is attached. 

From the preceding discussion only possibilities (a) and (d) appear to have 
been eliminated. There is indecisive evidence bearing on (6). Therefore, some 
effort was directed to a further consideration of (5), (c), and (e). If other con- 
ditions could be found in which phage exhibited less than full efficiency of 
action on cells, it might be considered as evidence of heterogeneity in the 
phage. 

A number of investigators (49, 56-58) have noted that with starved host 
cells in salts solution, or normal cells at 0°C., the fraction of cells infected or 
killed by T2 phage differs markedly from the expected. In general, they found 
from one-fifth to one-half the effect expected of phage at 37°C. in nutrient 
broth. Adams (58) gave careful consideration to the various possible explana- 
tions including heterogeneity of receptor sites on the host cell but reached no 
satisfactory conclusion. The results in Fig. 9 illustrate the quantitative nature 
of the deviation from expectation of some of the actions of T2 phage. These 
results make it clear that the altered environmental conditions have brought 
out a state of heterogeneity which is formally similar to that observed in 
ghosts, but as in the other instances it is not possible to determine which re- 
actant is heterogeneous. These results are so similar to those obtained with 
ghosts as to suggest that the altered environmental conditions which lead to 
abortive infections (58) leave the cells with ghosts and that they respond 
therefore as though ghosts had been added. Should this prove to be a correct 
analysis it would eliminate from possible causes of the heterogeneity only the 
highly artificial methods of preparing ghosts. 
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There is a suggestion in the effect of cations on ghost action (12) to be re- 
ported in more detail later which throws some light on the present problem. 
It was observed that the number of cells protected by magnesium ion from 
the lytic and killing action of ghosts increased with the concentration of mag- 
nesium, but at any one concentration the number protected was independent 
of the multiplicity of ghosts. This points to a cation equilibrium with the cell 
rather than with the ghost. 

Different experiments are needed to completely unravel this problem. At 
the moment, the cell’s receptor sites are suspected of being responsible for 
the observed heterogeneity. 
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AVERAGE MULTIPLICITY 
Fic. 9. The action of phage T2 on £. coli B under various conditions. 
In all instances the broken line is the theoretical curve (slope = 0.434). 
A. Lysis of cells in buffered saline at 37°C. 
B. Lysis of cells in buffered saline + 0.001 m NaCN at 37°C. 
C. Killing of cells at 0°C. in nutrient broth. 








Experimental Procedure (Fig. 9) 
A. Coli B were grown in nutrient broth to 1.5 x 108/ml. at 37°C. after which 


they were chilled, centrifuged, washed once with saline-=- phosphate buffer at pH 


7.2, and resuspended in half the original volume of buffered saline. To a series of 
tubes containing 10 ml. of these cells was added 1 ml. of saline or T2 phage of vary- 
ing quantities. These tubes were read in a Coleman Jr. spectrophotometer at 650 mu 
immediately and after 60 minutes of agitation at 37°C. After subtracting a blank of 
\0 per cent for the residual turbidity after complete hydrolysis the fraction of resid- 
ual cells was calculated directly from the turbidity changes and plotted against the 
average multiplicity. 

B. The procedure was the same as in A except that the resuspending buffer-saline 
was made 0.001 molar with respect to sodium cyanide. 
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C. Colt B were grown in nutrient broth to a concentration of 3 X 10°/ml, at 37°C. 
The suspension was then chilled rapidly in ice water and 1 ml. aliquots pipetted int, 
a series of cold tubes. To each was added 0.5 ml. of cold nutrient broth or nutrient 
broth dilutions of T2 phage. These tubes were maintained at 0°C. for one-half hou; 
after which 1.5 ml. of 1:100 anti-T2 sera was added and the tube incubated at 37°C. 
for 10 minutes. These suspensions were then diluted and the viable cell count deter. 
mined from the colony formation on nutrient agar plates. Infective centers were 
also determined. 


DISCUSSION 


The particular aspects of the present work have been so thoroughly dis- 
cussed in the separate sections of the paper that only certain broader issues 
will be considered here. 

In only a few instances have the biological functions of any virus been as. 
signable to particular chemical constituents. Thus, in vaccinia virus the he. 
magglutinin was found to be a phospholecithin-like compound (59) whereas 
the nature of the soluble antigen was nucleoprotein (60). The very important 
discoveries reported by Gierer and Schramm (64) and by Fraenkel-Conrat and 
Williams (61) establish that the nucleic acid (RNA) of tobacco mosaic virus 
is infective in the absence of its protein coat. The TMV protein apparently 
protects the nucleic acid from destructive insults which it would normally 
encounter in nature. 

In the present study many biological properties of phage are also found in 
the isolated protein component. These properties are so similar in the two 
units that the conclusion is virtually inescapable that these functions of the 
phage are attributable to the protein component. However, Hershey’s in- 
genious blendor experiment (5, 6) has provided some information which must 
be compatible with the present results if the over-all picture is to be clearly 
understood. Hershey found that within a few minutes after infection and 
without reducing the infectivity of the cells, 80 per cent of the phage protein 
(as measured by S* content) could be stripped from the infected cells by 
stirring violently in a Waring blendor at low ionic strength. The consequences 
of this interesting work will be considered in some detail for it has been sug- 
gested that the protein may have no function other than to deliver the phage 
DNA to the host cell. 

There are three possible interpretations which can be placed on the results 
of the blendor experiment: 

Case J.—The 15 to 20 per cent residual or “non-strippable” protein repre- 
sents the tip end of the tail of all the ghosts, and this is the part which modi- 
fies the cell’s activity. 

Case I].—The entire ghost has been removed from 80 per cent of the in- 
fected cells. The other 20 per cent carry intact ghosts. 

Case III.—A small active unit, perhaps less than 1 per cent of the ghost, 
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; the functional unit and it remains in the cell after the 99 per cent is re- 
moved by the Waring blendor. 

In case I it is necessary to attribute to the tip end of the tail some of the 
properties of the ghost. This presents no difficulty. In case II, however, it 
would be necessary to assume either that the action of the ghost involves 
initiation of changes in the cell that are self-sustaining after removal of the 
shost, or that the effects produced by ghosts are in no way related to phage 
svathesis. If the last suggestion is correct, it might be possible to infect a pro- 
toplast directly with only the phage DNA.* 

Case III is not essentially different from case I. It merely assigns the bio- 
logical functions of the ghost to a lower order of unit and makes experimental! 
confirmation more difficult. 

Theoretically, cases I and II should be distinguishable by radioautographs 
of cells following adsorption of labelled ghosts and then treatment in the 
blendor. Regardless of which interpretation is correct, it will indeed be sur- 
prising if such properties of the ghost as the inhibition of PNA synthesis are 
fortuitous and utterly dissociated from phage synthesis. 

The outstanding biological feature of the parent phage which is apparently 
lacking in the ghost is the replicating capacity. Anderson (62) was the first 
to point this out when he observed that osmotic shock destroyed the plaque- 
forming unit. In a later paper (63) it will be demonstrated that neither phage 
protein nor nucleotides containing hydroxymethylcytosine are formed in cells 
modified by ghosts. The present report also includes the finding that ghosts 
do not appear to participate in formation of recombinants. While these re- 
sults are not decisive because they are negative, nevertheless they are in 
agreement with the concept that the genetic information is carried by the 
phage DNA. 

The present studies with ghosts have the virtue of having been performed 
or could have been) in the absence of phage nucleic acid. The reverse, the 
action of the phage nucleic acid in the complete absence of the phage protein 
would appear difficult to achieve and has not been reported at the present 
writing.° 


The writers are indebted to Dr. I. R. Lehman, Dr. Helen Van Vunakis, and Dr. 
Sol H. Goodgal for their helpful discussions of the work and to Patsy Miller Perl- 
man, Mary T. Dunn, and Bernard C. Jenkins for their technical assistance. 
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ABSTRACT 


Conductance changes associated with the response of the squid giant axon have 
been studied at two temperature ranges (26-27°C.; 9-10°C.) and with modified con- 
centrations of sodium and potassium in the medium. The phase of “‘initial after-con- 
juctance,” during which the membrane resistance increases above the resting value, 
is smaller at the lower temperature. At both temperature ranges it is diminished by 
joubling K+ in the medium and enhanced by removal of K*. Halving the Na* of the 
medium also enhances this phase when K* is absent, but not otherwise. The time 
course of the conductance changes alters in form with changes of the external medium. 
These changes indicate independent changes in the complex of ionic events associated 
with the response. The experiments therefore confirm the reality of the phase of 
increased membrane resistance. The magnitude of this change appears to be con- 
siderable and requires a transient decrease in the mobility and/or concentration of 
ns in the membrane. The possible cause of this decrease is discussed. 


INTRODUCTION 


The large temporary increase in membrane conductance associated with 
the spike of the squid giant axon, described by Cole and Curtis (2), is affected 
ty alteration of the sodium and potassium in the medium (4). This effect 


*This work was carried out with partial support to one of us (H.G.) from the 
Atomic Energy Commission (Contract 30-1 1076), the National Institute of Neu- 
rological Diseases and Blindness (Contract B 389), and the Marine Biological Lab- 
ratory under its contract with the Office of Naval Research (Contract No.-09073). 
We wish to thank the Director and Staff of the Marine Biological Laboratory for 
their cooperation in making this work possible. 

. :Dr. Kiebel participated in this work as the holder of a special research fellowship 
ttom the Department of Biology, Washington Square College, New York University, 
luring the summer of 1953. 
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conforms to the theory of the selective, temporally dissociated valving of 
sodium and potassium ions offered by Hodgkin and Huxley (7). Subsequently 
Shanes, Grundfest, and Freygang (13) found that the increased membrane 
conductance is followed by a further impedance change during which the 
membrane conductance becomes lower than in the resting state. This cop. 
ductance decrease was observed in all freshly dissected axons in the latter 
work but was not described earlier by Cole and Curtis (2). However, the 
two series of experiments were performed at different temperatures (ca. 6°C. 
by Cole and Curtis; 24-27°C. by Shanes e¢ al.). It was, therefore, possible 
that the conductance decrease might be smaller at low temperature. This 
has been confirmed in the present experiments. They also show that the con- 
ductance decrease, or initial after-impedance as it was named (13), is more 
sensitive to modifications of the ionic environment than is the major, earlier 
impedance change. 


Methods 


Impedance changes were measured with transverse electrodes (2, 4, 13) essentially 
as described earlier. As in the previous work, the a.c. bridge imbalance caused by the 
response of the nerve was detected with a tuned amplifier which permitted a study of 
the relatively small conductance change of the initial after-impedance. A 31 kc. 
sinusoidal carrier was employed. The lucite chamber! permitted observation of small 
conductance changes during the continuous flow of different solutions. As in the ear- 
lier model (4), the channel in which the hindmost stellar nerve lay was narrowed in 


the region in which the impedance electrodes were located and accommodated a short 
length of cleaned axon. Stimulating and recording electrodes were inserted into the 
lucite along the bottom of the channel. In the present chamber, one of the platinum 
impedance electrodes was mounted in a movable lucite segment, and the faces of the 
trough, including the electrodes as well as the lucite body, were concave. With the 
movable element closed against the fixed side of the trough, the narrow passage formed 
a cylinder 0.4 mm. in diameter. After the axon was placed in the trough, the movable 
segment was positioned so that the two impedance electrodes were closely applied tc 
the fiber. The upper surface of the entire chamber was sealed and the medium, intro- 
duced at one end of the channel, emerged at the other end. 

For low temperature experiments, all solutions as well as the chamber were kept in 
a modified refrigerator, described previously (12), which permitted the manipulations 
necessary to change solutions with little alteration in temperature. 

Artificial sea water, identical with that described by Hodgkin and Katz (9), was 
used throughout. Changes in ionic content were all produced with corresponding al- 
terations in the sodium level. Observations with the standard solution preceded and 
followed those with the modified medium. The experimental effects so obtained were 
reversible and occurred within 1 minute. The preparations were stable for hours, 
permitting several experimental variations and a number of repetitions of each varia- 


1 We are indebted to Mr. Charles J. Byrne and Mr. Julian W. Holland of the 
Instrument Section of the National Institutes of Health for their assistance in the 
construction of this chamber. 
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tion, The reproducibility of the measurements justified averaging the normalized data 
to give the impedance curves of Figs. 2 and 3. The impedance changes were recorded 
photographically from oscillographic traces at several amplifications and sweep speeds 
(Fig. 1). 
The low level impedance changes, which are the major concern of this paper, are 
most conveniently shown by logarithmic scaling of measurements which were made 
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Fic. 1. Impedance changes in squid giant axon. The bridge has been balanced for 
aconductance slightly less than the resting level. 27°C: a — c; at low gain, high sweep 
speed, show the spike impedance changes at 0 X K (a), 1 & K (6), and 2 X K (c). 
6, — ¢ ; initial after-impedance changes of the same axon and under the same con- 
ditions, recorded at 30 X gain, and slower sweep. Calibration lines represent 5 per 
cent of the spike impedance change. a: — ¢2 ; another axon, at 9.5°C., only the after- 
impedance changes shown. 


5%] 


irom enlargements of the photographic records. All data were normalized to the peak 
conductance change and expressed in per cent of the peak. An approximation to the 
absolute magnitudes of the time course of the membrane conductance under the differ- 
tnt experimental conditions was then obtained in accordance with assumptions to be 


stated later. 
RESULTS 


Sample oscillographic records of the observed impedance changes under a 
vanety of experimental conditions are shown in Fig. 1. The initial after- 
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impedance, clearly seen at room temperature with axons in artificial sea water 
containing 10 mm/liter potassium, is accentuated by removing potassium 
from the external fluid and is decreased by doubling the external potassium 
(Fig. 1 a; — q). At low temperature (Fig. 1 a2 — cz), the time scale of events 
is lengthened and the relative magnitude of the initial after-impedance js 
reduced. In artificial sea water this phase is small and disappears when the 
potassium of the external medium is doubled. Removal of potassium from 
the external fluid enhances the initial after-impedance at low temperature 
also, and this is accentuated when the external sodium is halved by substitu. 
tion of choline. 
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MILLISECONDS 
Fic. 2. Average of the normalized impedance changes at room temperature. 


Figs. 2 and 3 represent the averages of 47 runs with 5 axons at 26-27°C. 
and of 61 runs on 3 axons at 9-10°C. The logarithmic scale of the normalized 
conductance change begins at 0.1 per cent in both directions, positive values 
representing increased conductance, the negative ones the decrease during 
the initial after-impedance. The time at which the resting membrane conduct: 
ance was attained in the period of transition from positive to negative ’ 
indicated on the zero line, which represents the resting conductance. 

Comparisons of the absolute magnitudes of the conductance changes among 
the different curves of Figs. 2 and 3 require some correction. This follows from 
the fact that the maximum amplitude of the conductance change with activity 
differs somewhat with different media (4). Thus, at room temperature, the 
major conductance change is 15 per cent smaller in 2X potassium, relative 
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o 1X potassium, and 15 per cent larger in zero potassium. At the lower tem- 
perature, the potassium-sodium dependence of the peak values may be assumed 
to be of the same order of magnitude. Plotted on an absolute scale, then, the 
jater portions of the curves in Figs. 2 and 3 would be correspondingly larger 
or smaller than the control, but qualitatively the results would still be the 
game. It should also be recognized that the initial resting levels of membrane 
conductance under the different experimental conditions are probably not 
identical, being smaller at lower potassium and sodium concentrations (14) 
as has been discussed previously (4). The probable course of the conductance 
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MILLISECONDS 
Fic. 3. Average of the normalized impedance changes at low temperature. 





change, taking these and other factors into account,’ is expressed in absolute 
dimensions in Figs. 4 and 5. 


The steep rise of the major conductance change both at high and low tem- 


'The assumptions are as follows: (a) the resting conductance at high and low 
temperature in artificial sea water is 1 mmho/cm.? (8); (6) the peak conductance in- 
crease at 26°C. is 30 mmho/cm.? and at 9°C. is 40 mmho/cm.?, as suggested by theo- 
retical considerations (7); (c) doubling the potassium content of the medium increases 
resting membrane conductance by 50 per cent, while potassium removal reduces the 
value by 25 per cent (14); (d) halving the sodium in the medium reduces membrane 
conductance by 25 per cent, which is additive to the effect of potassium removal (5); 
‘¢) potassium and sodium affect the peak conductance change at low temperature as 
‘troom temperature. 
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Fic. 4. Probable course of conductance changes at room temperature. Insert shows 
the final conductance changes enlarged and their magnitudes relative to the final 
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peratures has not been thoroughly studied in the present experiments because 
of various technical problems. However, alteration of the external ionic environ- 
ment does not appear to affect the rising phase markedly. The declining phase 
s however, strikingly altered. 

Three distinct stages, in the return of conductance to normal following the 
peak, can be discerned. First, there is a rapid return, which may be expressed 
quantitatively as Gmax (i.e., the maximum rate of conductance decline obtained 
by multiplying the slopes in Figs. 2 and 3 by the peak conductance change 
for the particular experimental solutions, as found by Grundfest ef al. (4) 
and given in Figs. 4 and 5). This is followed by a slower stage, the minimum 
rate of which, Gmin , can be expressed in terms of conductance in the same 
wav as Gmax - The second phase tends to be obscured by a third process, namely, 


TABLE I 
The maximum, Gmax, and minimum, Gmin, rate of conductance decline following the 
yeak conductance change, the time, é, of the first return to the original conductance, which 
is the beginning of the initial after-impedance, and the time, f,, of the minimum conductance. 





f ° : 
Potassium | Gmax Gmin P tn® 
concen- , 
tration xc. | 26°C. 99°C. 26°C. ‘ ° <<. | 26°C. 


Sodium con- 
centration 





_——EE 


mu/liter | mau/liter | mhos/cm.? sec. mhos/cm.2 sec. . msec. 


wm | 0 | 








| i) A | 
0 28 | 108 | 0.55 | 3.0 | o | 4. | 
| | 








10 | 
10 | | 
| 20 | 17 | 70 | 0.19 | 0.9 





| 
} 
' 





* Measured from the time the rising phase of conductance is 5 per cent of the maximum. 
t Conductance change too small for measurement. 


the subsequent decline of conductance below the initial rest level. Only at 
low temperature in double the normal potassium concentration, when con- 
ductance does not decline below that at rest, does the second stage appear 
as a single exponential process. This is evident as a linear decline in the semi- 
logarithmic plot of Fig. 3. It is nearly the case at normal potassium levels at 
the lower temperature. Also apparent in Fig. 3 is the greater magnitude of 
the conductance at which the second phase ensues when the potassium con- 
tent of the medium is elevated. 

The effects of temperature and potassium on Gmax and Gmin are given in 
Table I. The latter is consistently more sensitive to experimental conditions 
than the former. Thus, the temperature coefficient is about 50 per cent larger 
for Guin . More striking is the effectiveness of potassium. Thus, Gmin increases 
threefold when the potassium concentration is lowered from 20 ma/liter to 
veto, whereas Gmex increases by only 60 per cent. 
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The action of potassium and temperature is also marked on the time, j,. 
of beginning of the initial after-impedance and the time, 4, , of the minimum 
conductance. The values are given in Table I. These times are about sixfold 
greater at low temperature, and the interval between f and tm is increased 
from about 1 to 3 msec. 

Decrease of the external sodium without a simultaneous decrease of the 
potassium did not alter the form of the conductance change. These curves 
are, therefore, not shown, but would in each case be identical with the 1x 
potassium curve in Figs. 2 and 3. 

The effect of a decrease of external sodium in the absence of potassium was 
studied only at the lower temperature. As may be seen in Fig. 3, it accentu. 
ates the fall of the major conductance change, enhances the peak of the initial 
after-impedance, and brings this enhanced minimum earlier. 

The initial after-impedance seen in the present series differs in amplitude 
and duration from that reported previously (13). Earlier results at room tem- 
perature, obtained with axons in sea water, indicated an amplitude of 2.8 per 
cent of the peak change and a duration of 3 msec. The present study with 
artificial sea water gives 1.2 per cent and 8 msec. To what extent the medium 
or other factors were responsible cannot be stated at present. 


DISCUSSION 


The change in the maximum rate of decline of membrane conductance, 
Gmax , effected by varying the potassium content of the medium, may. be ac- 
counted for, at least in part, by the effects of the associated membrane poten- 
tial changes on the rate constant of decline of sodium conductance (7). A # 
per cent increase of the rate constant would be expected (reference 7, Fig. 9 
for a membrane potential increase of about 12 mv. Curtis and Cole (3) re- 
ported a change in resting potential of —5.5 mv. in 20 mua‘/liter potassium 
and of +4.5 mv. in the absense of potassium (total: 10 mv.). Hodgkin and 
Katz (9) found an average of —4 and +3 mv. (total: 7 mv.), and Hodgkin 
and Huxley (reference 6, Table 4) reported changes of —3 and +2 mv. (total: 
5 mv.). These different experimental findings leave too wide a latitude for 
fully evaluating the importance of membrane potential in the action of po- 
tassium. More precise evaluation would be possible if membrane potential 
changes were obtained under the same experimental conditions and simul- 
taneously with the conductance data. 

The effect of lowered temperature on the positive phase of the action poten- 
tial has been described by Hodgkin and Katz (10). Their data show a de 
crease of approximately 214-fold in the amplitude of the positive phase for 
the temperature reduction which was employed in the present study. The 
initial after-impedance was also decreased by this temperature reduction, bu! 
to a greater degree (three- to fivefold). The alterations in the positive phase 
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produced by low and high external potassium concentration, as reported by 
Hodgkin and Katz (9), are in the same direction and of comparable relative 
magnitude to the alterations in the initial after-impedance. The data do not 
allow this comparison to be made quantitative, although it does appear that 
the decrease in conductance during late stages of recovery could be produced 
by the elevation of the membrane potential above the resting level during the 
hyperpolarizing phase of the action potential. 

‘The presence of an initial after-impedance was calculated by Hodgkin and 
Hurley for a propagated action potential at 18.5°C. (personal communication) 
although it is not apparent in Fig. 17 of their paper (7). The calculated % of 
33 msec. and fm, of 5 msec. lie within the range of our experimental! values 
(Table I), but the predicted maximum amplitude of 0.4 per cent of peak con- 
ductance is too small. In any case, the hyperpolarization of the positive over- 
shoot must bring about a decreased membrane conductance, as was observed 
by Cole and Baker (1) and more recently by Hodgkin and Keynes (11) using 
different experimental approaches. The latter calculate that a change of mem- 
brane potential from —62 to —80 mv. decreases the membrane conductance 
from 0.12 mmho/cm.? to 0.05 mmho/cm.*. In the face of the reduced mem- 
brane conductance brought about by the hyperpolarization of the membrane, 
the decay of membrane potential should be slower than would be the case if 
the membrane had merely returned to its resting conductance. Further analy- 
sis of the interplay of the factors in the development of the initial after-im- 
pedance must await the availability of additional data. 
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ABSTRACT 


Lysis from without (LFW) occurs in two steps: (1) sensitization of cells by phage, 
which renders the cells susceptible to (2) destruction of an essential cell structure by 
an extracellular lytic enzyme. Virolysin, from phage-infected cells, was used in these 
studies. Normal cell autolysin is also effective. 

Evidence is presented that: 

1. Neither phage nor lysin alone causes LFW. 

2. Sensitization requires phage adsorption. 

3. It can be caused by non-infectious particles. This establishes a new biological 
activity of the particle. 

4. Heat, U.V., detergents, penicillin, and other damaging agents also sensitize cells. 

5. Sensitization involves a non-lethal, reversible reaction. 

6. Sensitization by phage prevents virus synthesis. Following adsorption, a cell 
can undergo sensitization or infection but not simultaneously. When only a few par- 
ticles are adsorbed, infection can occur; when sufficient particles are adsorbed, sensi- 
tization takes place. 

7. Quantitative aspects of LFW are described. Lysis proceeds logarithmically. 
The lysis end-point depends upon the phage concentration but is independent of the 
enzyme concentration. 


INTRODUCTION 


This paper is concerned with the lysis that begins immediately after the 
additions of phage and an extracellular lysin to living staphylococcal cells. 
The adsorbed phage is lost and the cells which lyse do not form new particles. 
Thus the phenomenon can be regarded as a case of lysis from with- 
out (Krueger and Northrop, 1930; Northrop, 1937, 1939; Delbriick, 1940). 
Virolysin, obtained from lysates of phage-infected cells, or autolysin, from 
autolysates of uninfected cells, may function as the extracellular lysin. The 
properties and differentiation of these two agents have been reported. Both 
lysins behave like enzymes (Ralston et al., 1955, 1957). 


*This investigation was supported in part by grants from the Office of Naval 
Research and the Board of Research, University of California. Thanks are due to 
Dr. John H. Northrop for his generous advice. 
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In the staphylococcal system, lysis results from the combination of two 
steps, sensitization of the cell by phage and lysis by a lysin. These are de- 


scribed; quantitative aspects of phage and lysin are given; and this system 
is compared with others. 


106 


CELLS + ViRoLYsiN 
CELLS ALONE 
CELLS + PHAGE 





CELLS +PUAGE +VIROLYSIN 


DACTERIA/ML+/0” 





1 i 


0 i0 20 30 
MINUTES AT 37°C. 


Fic. 1. Effect of virolysin, phage, and the two combined on 3 hour agar-grown cells 
Test components: cell concentration, 4.1 < 10®/ml.; 14 (K,) purified phage concentra- 
tion, 4.5 X 10°/ml.; phage/cell ratio = 10/1; virolysin dilution, one-half in tryptose 
phosphate broth (ultracentrifuged supernate of 14 (K,) phage lysate, residual phage = 
1 X 107/ml.). 





Experimental Results 
I 


Requirement for Both Phage and an Extracellular Lysin in Lysis from withow 
of S. aureus Ky 
Virolysin alone is incapable of lysing freshly harvested, rapidly dividing 
cells. The cells grow at the same rate as untreated controls (Fig. 1). 
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Phage alone is also incapable of producing lysis from without, even when 
large numbers of particles (close to saturation) are adsorbed to cells (Fig. 1). 
This suggests that phage does not activate the internal autolytic enzymes of 
the cells, even though the cells can be made to autolyze in the absence of 
phage and yield free autolysin, by adding toluene to them at 37° C. or by 
storage at 4° C. 

In 1955 (Ralston ef al.), we reported that phage preparations obtained by 
one cycle of ultracentrifugation produced slight but significant lysis of young 
cultures. Subsequent investigation has shown that this lysis resulted from the 
action of phage combined with traces of residual virolysin in the resuspended 
phage pellet. The virolysin can be removed in various ways: digestion with 
trypsin, adsorption on super-cel, heating at 37° C., and several cycles of dif- 
ferential centrifugation. The purified preparations no longer cause lysis from 
without. When virolysin is again added, dilutions as high as 1/250 restore the 
ability to cause lysis from without (Fig. 1). 

Both phage and virolysin are required to produce lysis from without because 
the cell must undergo two reactions before lysis occurs: (1) a sensitization, 
which is accomplished by phage; followed by (2) the action of a lysin on a cell 
substrate. 


a 
The Lytic Step 


Previous studies have characterized the action of virolysin on the substrate 
of killed cells — irreversibly sensitized by heating a 56-120° C. for 1 hour. The 
lysin was shown to have the properties of an enzyme (Ralston ef al., 1955, 
1957). Evidence that virolysin is also responsible for the lytic step of lysis 
from without is based upon a comparison of the activities of virolysin-contain- 
ing preparations for heat-killed and phage-sensitized cells. Activity is (1) 
destroyed at comparable rates at 37° C., (2) prevented by an identical set of 
inhibitors and remains unaffected by a second group (Table I), (3) requires 
ihe same divalent cations for its function (Table II), and (4) shows similar 
host specificity, in that it lyses all S. aureus strains, provided that the living 
cells can adsorb phage P; and Py. 

Virolysin preparations obtained from P, infection of K,; and 145 cells and 
from Py, infections of S. aureus 145 substitute for the 14(K,) virolysin in pro- 
ducing lysis from without of phage-sensitized cells (Table III). 


Ii! 
The Step of Sensitization 


Sensitization involves a damage to the mechanism for protection of the 
living cell against virolysin. Since the fundamental reaction is not known, 
its study must depend upon an indirect test—the lysis of sensitized cells by 
virolysin. Sensitization by phage occurs under complex conditions. 
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1. Sensitization Requires Phage Adsorption.—When it occurs, it follows im- 
mediately after adsorption. When versene is included in a mixture of phage 
virolysin, and viable cells, both phage adsorption and lysis from without 
inhibited. The addition of m/1000 Ca++, Mn++, Co*, or Zn*+ and M/50 Mg+ 


TABLE I 


Effect of Enzyme Inhibitors on Lysis of Heat-Killed and Phage-Sensitized Cells by 
Virolysin at 37°C. 





| 
Lysis of heated cells Lysis of 
Agent tested Final concentrat on Per cent inhibition of p Sensitized cel 
virolysin activity pe ys 





Inhibitor 
Merthiolate 0.1 per cent 75* 
HCHO 0.1 per cent 75 
CuS0O,-5H20 mu/1000 82* 
HgCle mu/1000 
PbCle u/1000 
AgNos m/1000 
Duponol WA 0.1 per cent 


Non-inhibitor 
Proflavin 0.0005 per cent 
NaN3 u/1000 
NaF mu/1000 
NaCN mu/1000 
Na-arsenite u/1000 
Semicarbazide mu/1000 














* Inhibition was reversed by 0.1 per cent cysteine-HCl. 

A 14 (K,) lysate containing virolysin was mixed with inhibitor. Each sample was then 
mixed with a constant number of cells. For living cells, the initial cell phage ratio was 10/1. 
The samples were incubated at 37°C. for a specified time: for living cells, 20 minutes; for 
heated cells, 100 minutes. For each series the per cent inhibition of virolysin activity was 
calculated from the equation 
100 (lysis control — lysis with inhibitor) 

lysis control 
With heated cells, control samples lysed 63 per cent; with phage-sensitized cells, control 
cells lysed 28 per cent. 


Per cent inhibition = 





to the inhibited system permits adsorption and lysis from without (Table IJ). 
Lower concentrations of Mg** permit adsorption but not lysis from without. 

2. Sensitization Is a Separate Biological Activity of the Phage Particle.—The 
particle need not be infective in order to sensitize. This may be shown by the 
following treatments: damage to the particle by ultraviolet irradiation (Ral- 
ston et al., 1955); damage to the particle by repeated freezing and thawing 
(Table IV); and host alteration of its infectivity by passage through controller 
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TABLE II 
Effect of Metal lons on Versene Inhibition of Virolysin and Phage Adsorption 
oom oe. — 





Effect on lysis 


Phage adsorp- 


Components of test sample tion to living ime Som Heat-killed 


cells z cells (no phage 
| Phage-treated | °") oded) 


Per cent lysis Per cent lysis 


46 } 31 
0 7 

0 39 

10 34 

28 25 

42 35 

44 40 

41 34 

16 21 


|. Virolysin 
2. Virolysin + versene 
3. Virolysin + versene + Mg** m/500 
“ aa “c ote “ u/200 
- + “ + “* uf 
Virolysin + versene + Mn** mu/1000 
Ca** m/1000 
Cot** m/1000 
Zn** u/1000 


+++++4+4i4 


Virolysin was mixed with versene at final concentration = 0.02 per cent. Heat-killed cells 
tested at concentration of 7 X 10° cells/ml.; readings made after 60 minutes at 37°C. Lysis 
from without tested in presence of phage added at initial phage/cell = 5, cells at 7 X 10° 
cells/ml.; readings made after 40 minutes at 37°C. Free phage was assayed by plaque count at 
the end of the incubation period. 

The following salts did not reverse the inhibition of lysis from without and did not allow 
phage adsorption to the cells: Ph**, Cu**, Sr**, Fe**. Ba**, Sn**, K+, Nat. 





TABLE III 


Interchangeability of Phage Pellets and Virolysins in the Lysis from Without 
of S. aureus Ky at 37°C. 





Component Tested 





| Pellet only | 


irolysin Virolysin Virolysin Virolysin | Virolysin only from A 
re) cds) | 14 (KI) Bi ne scam 


_. wl pellet pellet | plies | Heated | Viable cell 
as A from A from A from A eens 





j . i a “ORs YB POL renee 
| Per cent |Per cent |Per cent Per cent Per cent|Per cent) Per cent 
\P/B) lysis |P/ lysis |P/B| lysis |P/B) lysis |P/B) lysis lysis | P/B| lysis 

| 40 min. 40 min. | 40 min. | 40 min. | 40 min. | | 40 min. 





- ae - “ a — 
(145) |1.4) 2 [1.5] 23 [1.4 i1.4| 21 j1.7} 22 | 19 10.08] +9* 
1(Ki) [1.9] +10* |2.0) 15 2. 2.1 2} 13 | 15 0.30) +4* 
14(145) (0.9) +6* |1.0) 21 (0. 0. 1) 15 19 0.02 +10* 


(Ki) (3.7) 4 /3.7) 23 |. 3.7] 25 | 17 (0.18) +12° 











Procedure—Phage lysates were ultracentrifuged at 30,000 X g. Pellets were resuspended in 
0.85 per cent saline. Supernates were used as source of virolysin. For each test: 0.1 ml. pellet 
and 5 ml. virolysin diluted one-fourth in tryptose phosphate broth were mixed with 
cells at an initial input of 3.6 to 4.1 X 10° B/ml. Final phage in supernates, after dilution, 
varied from 1.4 X 10? to 1.0 X 10° ml. 

(A), lysate source. 

* Per cent growth in 40 minutes. 
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cells (Ralston and Krueger, 1952, 1954). The damaging treatments may 
have produced phage “ghosts,” as described for the coli T phage system 
(Anderson, 1945; Herriott, 1951; Williams and Frazer, 1956). 

In contrast to the T phage ghost—which shows an increased capacity per 
particle for producing lysis from without (Herriott, 1951)—destruction of 
infectivity of the staphylococcal P phages neither increases nor reduces their 
sensitizing properties. 

3. Sensitization Can Be Accomplished by Phage P; as Well As Py (Table 
ITI).— 

4. Sensitization Can Be Accomplished by Non-Phage Substitutes—tTreat- 
ments such as heat at 56° C., ultraviolet irradiation, acetone extraction, de- 


TABLE IV 
Effects of Freezing and Thawing of Phage on Sensitising Activity and Infectivity 





Lysis from Sihent 
Phage pellet frozen per cent lysis 
and t thawed 
times 





: P/B 
ee (Active phage/cell, 
By phage 


By phage during lysis test) 
alone i 


+ virolysin 








3 40 5.6 xX 10 
7 


0 
0 38 2.0 x 108 








0 0 | 40 1.2 x 10° 





Phage 14 (K;) in a mineral salts, buffered broth, at pH 7.0, frozen in a thin layer in tube 
immersed in acetone and dry ice. Thawed in cold water. Tested for residual sensitizing ac- 
tivity by mixing with viable agar-grown cells (8.3 X 10° cells/ml.) in presence of constant 
dilution of 14 (K,) virolysin and incubating at 37°C. Turbidimetric readings made after 30 
minutes. Samples plated for plaque count after freeze-thaw procedures. 


tergent extraction, and exposure to penicillin have been found to sensitize 
cells. Most of these methods kill as well as sensitize the cells. 

5. Under Certain Conditions Sensitization May Be Reversed.—As shown in 
Table V, sensitization by phage can occur in the cold. When the temperature 
is raised to 37° C., a proportion of sensitized cells becomes resistant to viroly- 
sin. When phage is added to cells at 37° C. without the preliminary adsorp- 
tion period at 4° C., no reversal of sensitization may be detected; i.e., the 
number of sensitized cells remains constant throughout the latent period. 

In the absence of phage, a reversible sensitization may be produced by heat- 
ing viable cells in saline at 46° C. The sensitized cells may be restored to their 
resistant state by incubation in tryptose-phosphate broth at 37° C. This 
method of sensitization does not impair the viability of the cells, as measured 
by colony formation on agar (Table VI). 

By appropriate treatment it may be possible to dissociate the lethal and 
sensitizing properties of the phage particle. 

6. Sensitization Prevents Phage Formation—An individual cell may be 
shown to be capable of undergoing two responses to phage—sensitization and 





TABLE V 
Sensitization by Phage at 4°C.; Reversal of Sensitization at 37°C. 





| Sensitized cells | Infected cells | 
Conditions of incubation a so/ml. |X 10m | A+B 
| 


es 





Sensitisation | 
4°C., for 1 hr. 33 13 34 

Reversal of sensitization 
37°C., for 15 min. 32 18 31 
2” 33 20 29 


45 “ 35 30 34 











Method—Cells of S. aureus Ki , grown 5 hours at 37°C. on tryptose phosphate agar, were 
harvested in chilled tryptose phosphate broth. Phage 14 (K,) (virolysin-free preparation) 
was added to make a cell:phage ratio of 5:1. Mixture was adsorbed for 1 hour at 4°C. Then 
anti-P, serum was added to inactivate all free phage. After 10 minutes, the phage-adsorbed 
cells were dispensed in 5 ml. portions. The temperature was raised to 37°C. At intervals, viroly- 
sin was added to determine the number of sensitized cells. Lysis was complete within 10 min- 
utes. At this time samples were plated for the numbers of infected centers in the presence and 
absence of virolysin. Virolysin did not reduce the number of infected centers. The latent 
period was between 60 and 65 minutes. 


TABLE VI 


Sensitization of Living S. aureus Ky Cells by Mild Heat and the Reve sal of Sensitization 
(Reappearance of Lysin Resistance) upon Incubation in Tryptose Phosphate Broth at 37°C. 


Effect of Treatment on 





ail 





Sample treatment Virolysin susceptibility Cell viability 





| 
posed Per cent Cells/ml. | 
SX 108 x 108 lysed x 10 





Cells/mi. | Cells/ml. | 
lysed 


A. Untreated control; stored eo. 7 O5 | 7.1 | 6.63 
in saline at 20°C. 

B. Sensitized; Heated 8 min., | 6.6 | 3.3 
46°C., stored at 20°C. | 

C. Reversed; Incubated sen- | 
sitized cells 5 min. 37°C. | 
in tryptose phosphate 
broth 


7.0 





Procedure—Three hour growth on tryptose phosphate agar, harvested in saline, and 
treated as outlined in table. For lysis test, samples of A and B were mixed in triplicate with 
active virolysin from 3 X ultracentrifuged supernate of 14 (145) phage lysate, diluted one- 
half in tryptose phosphate broth. Estimates of cells lysed made from turbidimetric readings 
using the Klett photoelectric colorimeter. For tests of cell viability, samples were taken after 
5 minutes’ incubation of triplicate cell control tubes at 37°C. Each experimental sample was 
assayed in duplicate dilution series, and plate counts were made from the proper dilution, in 
triplicate, on tryptose phosphate agar. Standard deviations were calculated for the mean of 
tach sample. The colony counts were multiplied by 2 to obtain the total cells per milliliter, 
since greater than 95 per cent were in suspension as diplococci. Microscopic observation 
showed that the sensitizing and reversal of sensitization procedures did not alter the Gram 
staining properties or cell groupings in the suspensions. 
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infection—but not simultaneously. Normally the living cell is resistant to 
virolysin; when only a few phage particles are adsorbed, the cell becomes jn- 
fected, but its resistance to virolysin is not reduced; i.e., it is not sensitized. 
When more particles are adsorbed, the cell becomes sensitized; such cells do 
not form phage (Fig. 2). 


1007 





SEMSITIZED + INFECTED ceus ) ° 
@._opstaven cau 





SENSITIZED CES | 


A, OBSERVED 


PERCENT BACTERIA 
ts 


—___) _recreo ceus 


“— OBSERVED aL 








. tae? a 0 11 “4 6 
AVERAGE PHAGE ADSORSED PER CELL 


Fic. 2. Effect of phage concentration on the numbers of sensitized and infected 
cells in a population of S. aureus K, .* 

Method: S. aureus K, cells were harvested after 4.5 hours at 37°C. on tryptose phos- 
phate agar. Duplicate aliquots containing 4.5 X 10° cells/ml. were exposed to varying 
concentrations of virolysin-free P,; (Ki) phage for 15 minutes at 20°C. The phage 
adsorbed per cell varied from 0.3 to 17. 

The numbers of sensitized cells were determined by exposure to strong concentra- 
tions of virolysin, to cause lysis from without; and the numbers of infective centers were 
determined by plaque count of serum-treated samples as follows: One sample of each 
phage-cell mixture was diluted two-thirds in active virolysin; the other was diluted 
in boiled virolysin. All samples were incubated at 37°C. and the extent of lysis from 
without was determined turbidimetrically. Only the samples exposed to active viroly- 
sin underwent lysis and this came to an end-point within 5 minutes. After 10 minutes 
at 37°C., the samples were placed at 20°C. and were exposed to phage P; antiserum 
for 5 minutes before assaying for the numbers of infective centers. The numbers of 
infective centers were the same in the presence and absence of virolysin. 





Explanation of Curves 


1. Infected Cells —Experimentally observed values for the percentage of infective 
centers over the range phage/cell = 0.3 to 17, are shown together with the theoretical 
curve, calculated from the Poisson equation (Yule and Kindall, 1937) according to 


* The analysis of the data for this figure was suggested by Dr. John H. Northrop 
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IV 
Quantitative Aspects of Lysis from Without 


The curves representing the logarithms of the numbers of unlysed bacteria 
plotted against time at any given temperature depend upon the effects of 
phage and virolysin on the sensitizing and lytic reactions of the cell. 

1. Effect of Phage.—(a) On the lysis end-point. In a given cell population, 
when the phage concentration is increased and the virolysin concentration is 
held constant, the lysis end-point is increased. This is due to the effect of 
phage on the sensitization of cells. 

Fig. 2 shows that if the phage concentration is increased above that re- 
quired for the adsorption of at least 1 particle per cell, the numbers of sensi- 





the assumption that at any given average phage adsorbed per cell, infective centers 
result from the adsorption of 1, 2, 3, 4, or 5 particles on 0.8 of the cells and of more 
than 5 particles on 0.2 of the cells. That is: 


P infected = 0.8 (P 1, 2, 3, 4, or 5) + 0.2 (P > 5), in which 
P = probability of a successful infection and 


P1.23.4 5 em em em e-™m* 
eee eS eT ae 5! 





P>S5=1-—(e*+P 1, 2,3, 4, or 5), in which m = the mean phage/cell ratio. 


2. Sensitized Cells —Experimentally determined values are plotted together with 
the theoretical curve calculated according to the assumption that sensitized cells re- 
sult from the adsorption of >5 particles per cell on 0.8 of the population and 1, 2, 3, 4, 
or 5 particles per cell on 0.2 of the population. Therefore: 


P sensitized = 0.2 (P 1, 2, 3, 4, or 5) + 0.8 (P > 5) 


3. Infected Cells +- Sensitized Cells—Experimentally determined values for the 
sum of the percentages of infected cells and sensitized cells over the range phage/cell = 
0.3 to 17, plotted with the theoretical curve of the fractions of cells expected to receive 
| or more particles. This is obtained by the equation: 


P sensitized or infected = 1 — «™ 


in which é~™ is the probability of receiving no particles at any given average phage/ 
cell ratio, m. 

At any phage/cell ratio, the entire population of bacteria B, can be accounted for 
by the sum of the sensitized cells B, , infected cells B; and cells receiving no phage 
By, that is: 


B, = B, + By + By 


The approximate error in the determination of the sensitized cells is +10 per cent; 
the approximate error in the plaque count is +8 per cent. 
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tized cells are increased. Correspondingly, the numbers of infective centers 
are decreased. At each average phage/cell ratio, the entire population can be 
accounted for by the sum of the numbers of sensitized cells + infective cen. 
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Fic. 3. The course of lysis from without of S. aureus K, before and after correction 
for the numbers of unsensitized cells. Phage P; (Ki) was added to 5 X 108 cells/ml. at 
cell:phage ratios of 8 and 20. After 10 minutes at 23°C., P; antiserum was added to 
stop further adsorption. After an additional 5 minutes, constant amounts of virolysin 
were added (one-half dilution) and the mixtures were incubated at 23°C. until the 
reaction had come to an end-point. Fresh virolysin was then added; this did not affect 
the end-point. The lysis was determined by turbidimetric readings. 





ters + cells which have not adsorbed any phage. This indicates that sensiti- 
zation is brought about when the cell has adsorbed a sufficient number of 
particles. Fig. 2 indicates that, according to calculations based upon the equa- 
tion for the Poisson distribution, infective centers may result from the ad- 
sorption of 1 to 5 particles; sensitized cells may result from the adsorption of 
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more than 5. The entire population, however, is not homogeneous; a propor- 
tion of cells appears to be more resistant to sensitization. In the experiment 
of Fig. 2, this corresponds to about 20 per cent. It is possible to show that 
these cells may be sensitized by phage at phage/cell ratios greater than 17. 
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Fic. 4. Effect of phage concentration on the lysis from without rate constant. 
K, cells were grown in tryptose phosphate broth for 3 hours at 37°C., washed, and re- 
suspended in tryptose phosphate broth (double strength). A constant amount of 
cells was mixed with increasing amounts of phage (prepared by ultracentrifuging a 
Py (Ky) lysate). The cell concentration was 3 X 10* bacteria per ml.; the phage to cell 
input varied from 2 to 55. The phage-cell mixtures were allowed to adsorb at 23°C. 
for 10 minutes. Active virolysin (an ultracentrifuged supernate of a 14 (K,) lysate) was 
added at a dilution of 149 to one set of tubes, boiled virolysin to another. All tubes 
vere placed at 37°C. and the lysis followed by taking Klett readings at intervals. 
\fter 10 minutes at 37°C., samples were removed, filtered through supercel, and 
plated for plaque count to determine the free phage remaining. Phage antiserum was 
then added tostop further adsorption. After 20 minutes at 37°C., samples were removed 
in order to determine the number of infective centers. The velocity constant K /minute 
was calculated after correction for the numbers of non-sensitized cells. 





Another proportion of cells appears to be sensitized by less than 5 particles 
per cell; this also corresponds to 20 per cent. Different cell preparations have 
been observed to vary with respect to the proportion of sensitization-resistant 
cells and also with respect to the number of particles required to sensitize 
100 per cent of the population. 

In Fig. 3, the curves of lysis from without are corrected for the numbers of 
non-sensitized cells. The lysis appears to proceed logarithmically. 
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(b) On the velocity constant, K.—Fig. 4 shows that the value K, calculated 
for the lysis of sensitized cells by a given amount of virolysin, is increased as 
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Fic. 5. The effect of virolysin concentration on lysis from without of phage-sensi- 
tized cells at 23°C. Phage P; (Ki) was mixed with 4 hour agar-grown cells at 23°C. 
at a phage/cell ratio of 20/1, for 10 minutes. Phage antiserum was then added for 5 
minutes to stop further phage adsorption. A constant volume of 14 (145) virolysin 
was added so that the final dilutions of virolysin were one-half, one-eighth, and one- 
sixteenth. The lysis was determined turbidimetrically during incubation at 23°C. 
The data were corrected for the numbers of non-sensitized cells. 
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the average phage adsorbed per cell is increased. The value approaches a 
maximum as the cell becomes saturated with phage. 

2. Effect of Virolysin—For any given phage/cell ratio, an increase in viro- 
lysin concentration causes an increase in the velocity constant K (Fig. 5). 
The total lysis is independent of the virolysin concentration. With dilute 
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virolysin, an initial shoulder appears in the curves of lysis from without, repre- 
ented by the plot of the logarithm of the surviving sensitized cells against 
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Fic. 6. Influence of age on relative velocity constant, K, for lysis from without of 
phage-sensitized and heat-killed S. aureus K, by a constant amount of 14 (K,) viroly- 
sin. Cells were grown on tryptose phosphate agar for 1 to 24 hours. They were har- 
vested in saline and divided into two portions: one portion was heated at 56°C. for 1 
hour; the other was used for the studies of lysis from without. Heat-killed cells were 
mixed with virolysin in a dilution of one-half, and were incubated at 37°C. The cells 
were corrected for a constant percentage of resistant cells and the velocity constants 
were calculated. Viable cells were mixed with phage and one-half virolysin. The 
phage:cell ratio was 20, an amount of phage which sensitized greater than 95 per 
cent of the cells of each age. The samples were incubated at 37°C. and the velocity 
constants, K, were calculated for the lysis of the sensitized cells. 








time. The non-sensitized cells are Gram-positive and are resistant to fresh 
lysin. 

The action of virolysin has been studied on heat-killed cells (Ralston e¢ al., 
1957). Lysis also proceeds logarithmically, the velocity constant, K, is pro- 
portional to the virolysin concentration. The end-point is independent of the 
lysin concentration. About 50 per cent lysis occurs; the remaining cells are 
Gram-negative and are resistant to fresh lysin. 





356 LYSIS FROM WITHOUT OF S. AUREUS Ky 


3. Effect of the Test Cell—The sensitizing and lytic reactions are affected 
by certain components of the test cell. These vary with age and medium of 
growth. For example, sensitization requires fewer particles in 3 hour cells than 
in 24 hour cells. The lytic step is affected by a heat-stable material; heat-killed 
and phage-sensitized cells show a similar age variation in their response to 
virolysin (Fig. 6). 

Certain of these cell components may also affect the tendency to undergo 
spontaneous autolysis, but they do not influence the growth of the uninfected 
cells; nor do they influence the length of the latent period, the phage yield, 
or virolysin yield of infected cells. 


DISCUSSION 


The Relationship of Sensitization to the Infection Cycle.—The results suggest 
that sensitization, as defined, is not an early step. It is possible, however, that 
when infection occurs, the sensitizing reaction proceeds on a lesser scale, en- 
abling a localized destruction of substrate by internal lysin, perhaps playing 
a role in “penetration.” If this is so, there must be a separate reaction for 
activating the internal lysin, for phage sensitization does not involve enzyme 
activation—at least when it occurs on a scale great enough to render the cell 
susceptible to external lysin. 

It is conceivable that a sensitization similar to that in lysis from without is 
involved in a terminal stage of infection; that it might be produced intracel- 
lularly by phage (or phage components); and that it might enable intracellu- 
larly formed virolysin to lyse the cells from within, thus releasing phage 
(Ralston et al., 1955). 

Lysis from Without: A General Mechanism.—Data available for several 
phage-host systems suggest that there is one fundamental mechanism for 
lysis from without—the action of an enzyme on a cell substrate. The substrate 
is essential to the structural integrity of the cell. The living cell may be pro- 
tected against the enzyme by maintaining either the substrate or internal 
enzymes in a “masked” form. Systems may vary with respect to the location 
and state of activation of the enzyme and the “availability” of the substrate. 
As a result, specific components of the particle may function as (a) active 
enzyme, (6) activator for internal cellular enzymes, or (c) substrate-unmask- 
ing agent. 

Whatever the function of the particle, the final conclusion depends upon 
experimental demonstration that it is associated with the particle and not 
with some contaminating material. 

In systems in which the phage causes lysis of boiled cells, the particles most 
probably contain the enzyme. This is suggested by the work of Weidel on the 
T2rt-E. coli B system (1951). In addition, Barrington and Kosloff (1956) 
and Brown and Kozloff (1957) have claimed that—with several T phages—an 
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enzyme is an integral part of the particle, located within the tail, and that it 
acts on a heat-stable substrate in trypsin-treated cell walls. 

In systems in which the phage causes lysis only of living cells, it is difficult 
to distinguish between several possibilities: (2) phage acts as an enzyme acti- 
vator for heat-labile autolytic enzymes of the cell; (6) phage contains an en- 
zyme which acts on a heat-labile cell substrate; or (c) phage renders substrate 
wailable to already active autolytic enzymes of the cell (Northrop (1937), 
5. muscae phage; Herriott (1951), T:-Z. coli B and B/4; Puck (1953), T:-E. 
oli B). Puck has suggested that since T, phage preparations are more stable 
at 60° C. than the bacterial cells, the phage might act as an enzyme activator. 

In the S. aureus K,-P; phage system, lysis from without is clearly enzy- 
matic, but the enzyme is both extracellular and extraphage. Since the particle 
by itself functions neither as an enzyme nor as an enzyme activator but is 
necessary for the reaction, a new function is revealed—that of rendering sub- 
strate available to the extracellularly added enzyme. We have called this 
“sensitization.” 


Methods 


The S. awreus K;-phage P,; or Py system was used for the preparation of virolysin 
and phage, the K; strain was also used for the test cell. The phage-host system, its 
method of assay, the procedure for obtaining virolysin from phage lysates, the turbidi- 
metric procedure for measuring lysis, all have been described previously (Ralston et 
al., 1955, 1957). 

Except where indicated, the studies were carried out by adding known quantities of 
phage and lysin to living cells and recording the lysis after incubation at a given tem- 
perature. Estimates of the lysis from without reaction rate constant were calculated 
according to the equation: 


2.3 
K= ai log (Bo/B,), 


in which By = initial bacteria/ml., B; = unlysed bacteria/ml. at time ¢, and ¢ = 
minutes. As described under Experimental Results, the numbers of bacteria are 
corrected for the non-sensitized cells. This measure of lytic activity is intended only 
for purposes of comparison within a given experiment; the value K is not a true con- 
stant. 

Cell Preparations—Agar-grown S. aureus K, cells were prepared by spreading tryp- 
tose-phosphate agar plates with 1 ml. aliquots of an 18 hour agar-grown inoculum, ad- 
justed to contain 1 X 10° cells/ml. After incubation at 37°C. for a specified time, the 
cells were harvested in saline, washed once, and resuspended in saline or in double 
strength tryptose phosphate broth. 

Broth-grown cells were prepared by adding a similar inoculum to double strength 
tryptose phosphate broth at an initial concentration of 2 X 10° cells/ml., incubating 
with shaking at 37°C. for a specified time, harvesting by centrifugation, washing, and 
resuspending in broth or saline. 
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ABSTRACT 


Techniques have been devised for studying quantitatively the effects of air ions 
on microorganisms suspended in small drops. In smog-contaminated atmospheres 
moderate concentrations of positive and negative air ions exerted a protective effect 
on staphylococci by delaying the drop in pH customarily observed and by diminishing 
the rate of evaporation. In clean air higher concentrations of positive and negative 
air ions accelerated the rate of death of staphylococci apparently by direct action on 
the cells and by increasing the rate of evaporation. 

Air ion action in these experiments did not involve cell agglutination or direct 
radiation from the radioactive isotopes employed. 


INTRODUCTION 


Air ions were first described in 1899 by Wilson (1) and by Elster and Geitel 
(2). Whether or not they exert any biological effects has been the subject of 
considerable controversy. Most of the tests have been conducted on disease 
processes in human beings and relatively little has been done with animals or 
simpler forms of life such as bacteria. The present paper presents the results of 
the initial phases of a research program undertaken to investigate the effects of 
positive or negative air ions on bacteria and viruses and is concerned altogether 
with one substrate, the K, strain of M. pyogenes var. aureus. 


Materials and Methods 


Air Ion Apparatus.—Three air ion generators of the type designed by Skilling 
and Beckett (Fig. 1) or that developed by Beckett and Hicks (Fig. 2) were installed 
in individual 10 X 12 X 31 inch plywood cabinets, equipped in front with sliding 
glass panels (Fig. 3). A zinc plate on the floor of each cabinet served as a ground, and 
an electrostatic field of 300 volts was maintained between it and the ion source. The 
Po®® and H® heads were detachable and could be plugged into the rectifying circuit 
of any cabinet, as desired. A dummy head was used in the control cabinet. The charge 


*These studies were supported by grants from The Wesix Research Foundation 
of San Francisco and The Board of Research of the University of California. 


359 
). Gen. Puystox., 1957, Vol. 41, No. 2 





360 ACTION OF AIR IONS ON BACTERIA. I 


of the emitted ions depended upon the polarity of the rectifier circuit, and could be 
reversed when necessary. 

In experiments that required 100 per cent relative humidity, a sheet of flexible 
plastic was used to make a waterproof tent that enveloped both the ionizer head and 
the samples. Beakers of water with filter paper wicks were placed inside the tent to 
maintain a saturated atmosphere. 

In experiments in which stirring of the samples was desired, magnetic micro. 
stirrers were placed inside the cabinets. 
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Fic. 1. Diagram of Po*® ionizer. a radiation produces (+) and (—) ions. Rectify- 
ing circuit removes undesired ions, in this instance (+) ions. 


Microorganisms.—The K, strain of M. pyogenes var. aureus was transferred every 
24 hours to a fresh trypticase soy 2 per cent agar plate. Cultures incubated at 36°C. 
and ranging in age from 12 to 16 hours were used. 

In experiments in which the Po”® generator was the air ion source, K, suspensions 
were made directly from the agar plate. In later experiments employing the tritium 
generator, the cells were washed twice with 0.85 per cent saline before being suspended 
in distilled water. 

Technique of Exposing Bacteria to Air Ions—By means of micropipettes, 50 or 100 
lambda samples of the K, suspension (in distilled water unless otherwise noted) were 
placed in individual porcelain microtitration dishes, the undersurfaces of which had 











Fic. 2. H® ionizer. Tritium foil air ionizer, holder, and electrode. The tritium foil 
is protected by a plastic head. 
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Fic. 3. Plywood cabinet arranged for exposure of microorganisms to unipolar 
alr jons 
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been previously treated with a static eliminator. The sample was placed on the inc 
plate inside the cabinet under the ionizing head. If the sample was to be Stirred, the 
fine glass rod of the microstirrer was put in place. Then the current in the rectife; 
circuit was turned on and the sample exposed for the desired length of time. 

The samples were allowed to evaporate freely in some experiments. In others, they 
were kept roughly constant by additions of distilled water by micropipette. In a fey 
experiments the volume was kept constant by maintaining 100 per cent relative 
humidity within a plastic tent, as described above. 
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Fic. 4. Ion current probe; designed by J. C. Beckett. 


Volume measurements on evaporating samples were made by drawing up the drop- 
let into a microburette graduated in lambdas. pH measurements were made with a 
Beckman model G pH meter utilizing the one drop glass electrod The numbers of 
air ions of either polarity impinging on a given area were determined by means of 2 
special probe (Fig. 4) connected to a Beckman ultrohmeter. The current produced 
was read and was converted into ions/cm.2/sec. by substitution in the equation: 
N = I/gA in which 

I = current produced by ions 
q 1.6 X 10~* coulombs 
4 = area of probe surface. 
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EXPERIMENTAL RESULTS AND DISCUSSION 


There is no particular reason to anticipate that air ions should exert any de- 
ctable biological effects. Certainly their composition and velocities would 
srovide no obvious basis for predicting such action: The small air ions consist 
of single ionized molecules about which cluster from 4 to 12 uncharged mole- 
cules and their mobilities are of the order of only 1 to 2 cm./sec./volt/cm., the 
positive ions moving somewhat more slowly than the negative ions. Intermedi- 
ate ions are multiples of a unit cluster composed of approximately 2000 mole- 
cules and may range in size up to some 15 such units; their mobilities are cor- 
rspondingly low: from 2 X 107* to 1 X 10-* cm./sec./volt/cm. Pollock (3) 
considers very low humidity a condition essential to their formation. 

Despite the lack of @ priori grounds for postulating any action on living 
systems there exists a considerable literature extolling the therapeutic value of 
negative air ions in disease conditions such as hypertension, hay fever, asthma, 
etc. Dessauer (4), for example, has done a great deal of work in this field and 
considers that the inhalation of negative air ions will reduce the blood pressure, 
relieve migraine headaches, and combat fatigue. Evaluation of many of the 
earlier reports is extremely difficult, first because of the variability encountered 
in the study of a given morbid process and second because the methods em- 
ployed for the production of air ions are open to criticism. Thus, high voltage 
brush discharges, while serving effectively to produce air ions also contribute 
to the atmosphere a variety of by-products such as ozone and the oxides of 
nitrogen. Again, in much of Dessauer’s work finely divided MgO was utilized to 
carry the electric charge (4). 

The difficulties involved in air ion generation have been largely overcome by 
the development of the unipolar polonium ion generator by Skilling and 
Beckett (5) and the tritium ion generator by Beckett and Hicks (6). The first 
apparatus utilizes alpha radiation from polonium to ionize the air and the 
second employs beta radiation derived from tritium. In each unit equal num- 
bers of positive and negative ions are formed and selection of ions of either 
charge is accomplished by collecting the undesired ions on an electrode of 
opposite polarity (Fig. 1). While the unwanted ions are being discharged and 
ceasing to exist in the ionic state the selected ions are driven in the opposite 
direction by the electrostatic force. No adventitious by-products are formed. 

The improved ion generators have been employed in studies on human beings 
and on animals. Kornblueh and Griffin (7) made a careful study of the effects of 
negative air ions on 27 patients suffering from hay fever, bronchial asthma, and 
related conditions. They report favorable results in 17 of these cases and a 
repetition of the results during the following year. Winsor (8) is conducting a 
very interesting study of the subjective and objective effects of air ions on the 
upper respiratory tract of human beings. He has observed that positive air ions 
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induce pronounced nasal obstruction, headache, dryness of the mucous mem. 
branes, husky voice, and dizziness. Concurrently, the maximal breathing 
capacity is reduced from 35 liters/minute to 25 liters/minute on the average. 
Negative air ions were much less active in bringing about any of these phe. 
nomena. 

Similarly Yaglou and his colleagues (9) have reported irritation of the upper 
respiratory tract and headaches accompanying exposure to positive air ions 
Negative ions brought about relaxation and mild euphoria. Nielsen and 
Harper (10) demonstrated that the succinoxidase content of the adrenal 
glands of rats maintained in positively ionized air was significantly reduced: 
negatively ionized air produced a slight but insignificant rise. Worden (11) 
found that the CO:combining power of the plasma of young hamsters was 
measurably increased by exposure of the animals to negative air ions. He als 
has noted (12) that the growth rate of selected organs was higher in hamsters 
maintained in an atmosphere containing an excess of negative air ions. The en- 
tire subject of the significance of air ions as an environmental factor has been 
reviewed by Murphy (13), Hicks (14), and more recently by Hicks and Beckett 
(15). 

1. Studies with the Polonium (Po) Generator—Our first experiments with 
air ions were in the nature of a survey and for the most part proved disappoint- 
ing. Using the Po”® generator as an ion source, we looked for any detectable 
effect of positive or negative ions on the growth of staphylococci, the motility 
and swarming of organisms such as Proteus vulgaris, the production of strepto- 
coccal hemolysin, etc.; the results were vague and not readily reproducible. 
However, as work went on, it became apparent that under some conditions, air 
ions influenced the death rate of staphylococci and we found that this could best 
be demonstrated under the following circumstances: (a) By using droplets of 
cell suspensions sufficiently small to provide a high ratio of surface area to 
volume. (6) By employing non-nutrient fluids; e.g., distilled water as the sus- 
pending menstruum. (c) By developing a technique suitable for handling 
bacteria in small drops and for allowing accurate quantitative estimation of 
viable cells in these drops. For this purpose the equipment and methods of 
microchemistry were adapted to bacteriological requirements. 

Inadvertently all our early tests were conducted in atmospheres containing 
varying concentrations of smog. While the experiments in consequence are not 
well controlled the data have been included to emphasize the extent to which 
air pollutants can modify the results obtained. 

Almost all the early experiments with air ions were performed by exposing to 
their action 100 lambda droplets of distilled water in which were suspended ap- 
proximately 3 X 10° staphylococci. In these small drops death of cells normally 
(non-ionized controls) proceeds at an appreciably higher rate than is observed in 
volumes ranging from 5 to 10 ml. (Fig. 5). The die-away parallels a fall in pH 
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Fic. 5. Survival of staphylococci in 10 ml. and 100 lambda aliquots of distilled 
water. Free evaporation occurring; By = 1.8 X 10’ cells/ml.; smog present. 
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from somewhat over 7 to values between 4 and 5 and a corresponding rise jn 
Eh (Fig. 6). This is considerably more than can be ascribed to the absorption of 
CO,; unidentified smog constituents appear to be responsible for much of the 
effect. There was considerable variation in the rate of fall of pH from day to day 
and in the rate of cell death (see controls in Figs. 7 and 8). 


8.0r 


Control 


5.0 
LOG 
(Bacte ria) 


40 





2.0 a 
0 1 2 
HOURS 
Fic. 7. Effect of negative air ions on survival of staphylococci in 100 lambda 
evaporating drop. Po™® ionizer — 1 X 10° ions/cm.?/sec. at 7.5 cm. R.H. 58 per 
cent; smog present. 





When evaporation of 100 lambda droplets of distilled water containing 
staphylococci proceeded in the presence of negative or positive air ions the death 
rate curve was flatter. Here again, fluctuations occurred from day to day; at 
times the protective effect of air ions was marked as in Fig. 8 and on other 
occasions the effect was measurable but not impressive (Fig. 7). The charge of 
the ion seemed to have no clear-cut relation to the degree of protection afforded. 
The numbers of air ions impinging on 1 cm.2/sec. were measured with the 
Beckett probe (Fig. 4) and Beckman micromicroammeter. The average value 
for these experiments was 1 X 10° ions/cm.?/sec. 
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Measurements of pH were made during the evaporation of 100 lambda 
droplets of staphylococci suspended in distilled water and exposed to air ions. 
Both positive and negative air ions had a pronounced effect in delaying the fall 
in pH and also limited its extent (Fig. 9). Measurements of Eh paralleled the 
pH values. 
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Fic. 8. Effect of positive air ions on survival of staphylococci in 100 lambda evapo- 


rating drop. Po™® ionizer + 1 X 10° ions/cm.2/sec. at 7.5 cm. R.H. 60 per cent; smog 
present. 





The rate of evaporation of the 100 lambda droplets varied, of course, with the 
condition of the ambient air but, regardless of evaporation rate in the non- 
ionized controls, positive and negative air ions appreciably retarded this 
process (Fig. 10). The reduction in rate of evaporation may depend upon the 
continuous formation of large ions (Langevin ions) through the action of small 
ions on soluble substances normally present in industrial smokes (16). Such 
large ions are much more abundant in urban than in rural areas and are known 
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to serve as centers of condensation for water vapor present in the air, This 
mechanism could well account for the observed reduction in rate of evapo- 
ration. 
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Fic. 9. Effect of air ions on pH and Eh shifts in 100 lambda evaporating drop: 
containing staphylococci. Po*® ionizer + 1 X 10° ions/cm.?/sec. at 7.5 cm. RH 
54 per cent; smog present. 


To determine whether air ions have any effect on staphylococci when the 
volume and pH of the droplet are fixed, a constant volume chamber was 
devised. This consisted of a plastic canopy enclosing the ionizer-head, the tes! 
droplets, and 4 beakers of distilled water with filter paper wicks for mainte- 
nance of high humidity. The relative humidity remained very close of 100 per 
cent and the volume of 100 lambda samples did not vary more than 3 lambdas 
in the 4 hour experimental period; the pH remained above 7. Since there was no 
danger of solutes becoming concentrated by evaporation of the droplet, physi- 
ological saline solution was used in some of the experiments and distilled water 





Fluid remaining 
in 





40 . 
0 4 
HOURS 
Fic. 10. Effect of air ions on rate of evaporation from 100 lambda drops contain- 


ing staphylococci. Po*®® ionizer + 1 X 10° ions/cm.?/sec. at 7.5 cm. R.H. 80 per 
cent; smog present. 
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Fic. 11. Absence of air ion effects on survival of staphylococci in 100 lambda drops 
‘sposed to atmosphere saturated with water vapor. Po™® ionizer + 1 X 10° ions/ 
cm.*/sec. at 7.5 cm. R.H. 100 per cent; no smog present. 
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in others. Under these circumstances, neither negative ions nor positive ions 
exerted any appreciable effect on the rate of cell death (Fig. 11), pH, or EF} 
(Fig. 12). The significant features of these experiments are (a) The exclusion of 
air pollutants; (6) the presence in the atmosphere of a large amount of water 
vapor. 

The lack of smog constituents no doubt accounts for the failure of the 
droplets to display the usual acid shift. Instead of the air ions generated by al- 
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Fic. 12. Absence of acid shift in 100 lambda drops containing staphylococci er- 
posed to atmosphere saturated with water vapor. No smog present. 


pha radiation from the Po*° acting on soluble substances derived from in- 
dustrial smoke, they probably encounter water molecules which are known to 
be easily polarized and the resultant molecular cluster will consist largely of 
water molecules. : 
The dependence of air ion effects elicited in these experiments upon the nature 
of the particular air contaminants present is demonstrated in the results with 
cigarette smoke. As shown in Fig. 13, moderate concentrations of positive or 
negative air ions produced by the Po#® unit, have little effect upon staphylo- 
cocci suspended in droplets of distilled water which are permitted to evaporate 
in a clean atmosphere. However, when air is kept slightly hazy with cigarette 
smoke, both ions produce an increase in the rate of death (Fig. 14). In such an 
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atmosphere, the numbers of small ions reaching the surface of the droplet show 
, sharp drop, for they have the property of attaching themselves to smoke 
constituents and forming large ions. While the latter are less mobile than small 
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Fic. 13. Absence of air ion effects on staphylococci in 50 lambda evaporating 
drops. R.H. 36 per cent; no smog present. Po” ionizer — 1 X 10 ions/cm.*/sec. at 
7.5 cm. 


Control 





=] +) Ions 


~ 


\ 
: 








Fic. 14. Lethal effects of air ions on staphylococci in 50 lambda evaporating 
drops in presence of cigarette smoke. Po” — 1 X 10 ions/cm.?/sec. R.H. 44 per 
cent. 


ions, it is conceivable that they are toxic and dissolve in the drop of water in 
sufficient quantities to affect the suspended bacteria. Whatever toxicity they 
possess would be augmented by the increase in concentration occurring during 
evaporation of the droplet. 

2. Studies with the Tritium (H*) Generator —The second set of experiments 
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reported in this paper differs in certain important respects from the first series: 
(a) H* ion generators were used and gave values > 1 X 10° ions/cm.2/sec, at 
the distance employed. In contrast, the Po*? generators (set at slightly greater 
distances) produced only 1 X 10° ions/cm.*/sec. (b) The cells were washed in 
physiological saline solution. (c) Ne demonstrable air pollutants were present, 

In addition, we found that this type of work could be done with droplets of 
50 lambdas or less, so the volumes used in this series were 50 lambdas, 746 
lambdas, or 3.8 lambdas. Under these circumstances the rate of death of 
staphylococci suspended in 50 lambda droplets of distilled water was ap- 
preciably less than that observed in the earlier experiments and exposure to air 
ions increased the rate of death in evaporating droplets (Figs. 15a, 156, and 15¢). 
These same figures indicate the degree of variation observed in consecutive 
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Fic. 15a, b, and c. Lethal effects of air ions on staphylocococci in 50 lambda evapo- 
rating drops. No smog present. H? ionizer — 1.6 X 10° ions/cm.*/sec. at 4 cm. R.H.: 
Fig. 15 a, 91 per cent; Fig. 15 5, 48 per cent; Fig. 15 c, 47 per cent. 
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experiments. The downward drift of pH was slow and moderate and there was no 
significant difference between pH values of the control and ionized droplets, 

The rate of evaporation from the droplets was materially increased by air 
ions (Fig. 16). This seems to be a reasonable consequence of air ion action, for 
the motion of air ions in a charged field actually constitutes an electrostatic 
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Fic. 16. Increase in rate of evaporation due to air ions acting on 100 lambda drops 
containing staphylococci. H* ionizer — 1.6 X 10° ions/cm.?/sec. at 4 cm. R.H. 78 
per cent; no smog present. 


wind and one might expect an increase of kinetic energy of the water molecules 
present at the air-water interface. 

As the distance from the foil to surface of the evaporating droplets was in- 
creased from 4 to 8 cm. the effectiveness of the air ions in increasing rate ol 
death was diminished (Fig. 17). At 16 cm. there was no observable difference 
between the control and ionized preparations (Fig. 18). Measurement of the 
number of air ions impinging on a given surface area each second indicates the 
reason for these results: at 4 cm. distance 1.6 X 10° air ions/sec. reached each 





A. P. KRUEGER, R. F. SMITH, AND I. G. GO 


a _ 
So w 


LOG B/50 A DROPLET 
& 
w 





6.0L 
0 





Fic. 17. Reduction of air ion effects with distance. H® ionizer + 2.5 x 10 ions/ 
cm2/sec. at 8 cm. R.H. 50 per cent; no smog present. 
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Fic. 18. Absence of air ion effects at 16 cm. H? ionizer used + 5 X 10* air ions/ 
cm.*/sec. at 16 cm. R.H. = 41 per cent; no smog present. 
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cm’. exposed; at 8 cm. the figure becomes approximately 2.5 X 10 air ions 
cm.*/sec., and at 16 cm. it is about 5 X 10° air ions/cm.2/sec. (Fig. 19). 

Increasing the voltage from ionizer to ground does not enhance the effect of 
air ions on staphylococci; this is consonant with the air ion yields obtained by 
varying the voltage of the rectifying circuit (Fig. 20). 
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Fic. 19. Variation of rate of air ion impact with distance of ionizer from exper- 


mental surface. H® ionizer used in smog-free air. Measurements made with Beckett 
probe and Beckman ultrohmeter. R.H. = 47 per cent. 








It is important to know whether beta radiation emanating from tritium 
could act directly on the cocci rather than through the mediation of ions pro- 
duced in transit through the air. Tritium is a pure beta-emitter with half-life 
of about 12 years and the energy of irradiation is 0.015 mev. In general the 
range of beta radiation is independent of the chemical nature of the absorber 
provided the range is measured as mass of material traversed rather than actual 
distance. According to Glasser (17) the approximate range for this intensity is 
ca. 0.002 gm./cm?. Air has a density of 1.2 mg./ml. Therefore 2 X 10~ gm. 
cm.?/1.2 X 10-*. gm./cm* = 1.7 cm. maximal range. The standard distance 
of 4 cm. between foil and fluid surface used in our experiments allows a safety 
factor sufficient to insure that no direct effects of beta radiation play a role 
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Po” is an alpha-emitter with a half-life of 140 days and the energy of radi- 
sion is approximately 5.3 mev. The maximal range for alpha radiation de- 
ved from Po®® was calculated to be 3.2 cm. of air (18). The standard experi- 
mental distance from foil to water surface was 7.5 cm., allowing an ade- 
wate safety factor. 
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Fic. 20. Variation of rate of air ion impact with voltage of rectifying circuit. H* 
onizer used in smog-free air. Measurements made with Beckett probe and Beckman 
ultrohmeter. R.H. = 51 per cent. 


Under the conditions prevailing in the H* experiments, it would appear that 
the air ions acted directly on the cells rather than through the mediation of air 
pollutants, for no pollutants were detected in the atmosphere. If this premise is 
correct, stirring the droplet should promote the lethal effect. This point was 
tested by performing a number of experiments in which the total volume of the 
iroplet was kept constant through addition of distilled water at intervals and 
exposure of the suspended cocci was accomplished by stirring the droplets with 
ine glass rods mounted in small vibrators. In all these experiments the stirred 
preparations exhibited considerable increases in the rate of die-away when 
positive or negative air ions were present (Fig. 21). Stirring did not significantly 
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affect the stability of the non-ionized controls nor was there any measurable 
loss of celis ascribable to air ion action in non-stirred controls. 

In common with other instances of damage to cells, e.g. that caused by ultra. 
violet light, the effects of treatment with negative air ions are reversed by ex- 
posure to intense light of the visible spectrum (Fig. 22). 

The H? ionizers were also used with plastic canopies within which the at. 
mosphere was maintained at 100 per cent relative humidity in order to main. 
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Fic. 21. Effect of stirring on lethal action of air ions on staphylococci in 50 lambda 
drops. Volume kept constant by additions of distilled water at times indicated by 
arrows. H® ionizer used — 1.6 X 10° air ions/cm.?/sec. at 4 cm. R.H. = 40 per cent; 
no smog present. 


tain constant volume of exposed droplets. As might be expected, unstirred 50 
lambda droplets containing staphyloccocci showed no detectable effect of air 
ions on viability of cells (Fig. 23). On the remote chance that air ion effects at 
100 per cent R.H. could be detected by using much smaller droplets we per- 
formed a series of experiments with volumes measuring 7.6 lambdas and 3.8 
lambdas. Fig. 24 is representative of the results in general and indicates only the 
accuracy with which viable cell counts can be made on small droplets of cell 
suspensions; in none of the experiments were there any indications of effects due 
to air ions. 

We have considered the possibility that the effects measured in these ex- 
periments might be due to agglomeration of cells. If this were true, any pe! 
centage of cells could remain alive and still give the effect of death, for each 
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Fic. 22. Photoreactivation of staphylococci after treatment with negative ions. 
\ir ion exposure conducted in diffuse daylight and followed by 0.5 hour exposure to 
intense visible light. H® ionizer used — 1.6 10° air ions/cm.2/sec. at 4 cm. 
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Fic. 23. Absence of action of air ions on unstirred 50 lambda drops of staphylo- 


cocci maintained in atmosphere saturated with water vapor. H? ionizer used; no smog 
present. 
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aggregate would produce only one colony and the degree of lethal action simu- 
lated would depend merely on the average number of cells in the clusters, 

In the tritium experiments, agglutination cannot be invoked to explain the 
observed results because (a) Microscopic examination of ion-treated droplets 
reveals no clumps of cells. This is not such convincing evidence as might appear 
for often the suspensions employed were not dense and agglutinated cells in 
numbers sufficient to influence the plate counts could be missed. (5) The letha! 
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Fic. 24. Absence of action of air ions on unstirred 7.6 lambda drops of staphy- 


lococci maintained in atmosphere saturated with water vapor. H?® ionizer used; no 
smog present. 








effect is reversed by intense light of the visible spectrum; this is typical of many 
instances of cell damage, e.g. that produced by ultraviolet light, but does not 
occur in cases of simple agglutination. (c) The time periods required to induce 
the lethal effect in light suspensions are less than the minimal times for aggluti- 


nation predicted by the von Smoluchowski equation. According to von Smolu- 
chowski (19) 


t = Y%xD2rV> 


in which ¢ = time in seconds 
y = radius of particle 
Vo = number of particles/ml. 


and D = RT/N-1/6 amr, the Einstein equation for the diffusion coefficient 
(20). 
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For the case in question, ¢ = approximately 1.8 X 10"/Vp. 

When the experiments were performed with light suspensions of cocci, the 
observed values of ¢ for 90 per cent loss were much less than the calculated 
minimal times required for agglutination and the observed ?’s applied to 
droplets from which insufficient loss of water by evaporation had occurred to 
change Vo significantly. 

For example, to obtain a 90 per cent loss by agglutination with Vo = 2 X 
10°, the calculated minimal elapsed time is 25 hours while the observed time is 
1.8 hours. This relationship does not hold for denser suspensions; thus at 
¥, = 5 X 10%, there is no detectable experimental loss after 6 hours of ex- 
posure to negative air ions while according to the von Smoluchowski equation, 
agglutination could occur in as little as 0.1 hour. 

Between these extremes of initial cell concentrations, the calculated times 
agree fairly well with the observed values. But this likely is fortuitous and does 
not refute the more critical evidence supplied by the lighter cell suspensions. 


We wish to express our sincere thanks to W. W. Hicks and J. C. Beckett for their 
continued interest in this program and for their helpful suggestions. 
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ELECTROOSMOSIS IN NITELLA* 
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ABSTRACT 


The role of electroosmosis was studied directly in Nitella. The cells were mounted 
ina water-tight barrier between two chambers containing reversible electrodes for the 
application of potentials, and fitted with calibrated capillaries to measure water 
movement. 

No water movement was found when small existing bioelectric potentials were 
short-circuited through an external connection, nor when external potentials up to 
1 or 2 volts were applied (producing currents up to 5 ya). 

Higher potentials (up to 10 volts) caused small movements of water, toward the 
negative pole. Larger and often irreversible water movements were produced by po- 
tentials up to 20 volts—sometimes persisting after current flow. 

A variety of evidence suggests that the effects are caused by injury at the cathodal 
end of the cell, allowing water to be attracted osmotically at the intact end and forced 
out at the injured end (transosmosis). This injury is reversible under small applied 
potentials, irreversible after large ones (100 to 200 times the natural bioelectric val- 
ues). 

Such water flows persist in low salt concentrations (up to 0.09 m NaCl) but almost 
completely vanish in isotonic (0.26 mM) mannitol. This confirms the osmotic, rather 
than the electroosmotic nature of the water movement. It is estimated that electro- 
osmosis cannot account for more than 1 per cent of the water movement (or turgor) 
in Nitella cells. The dead cellulose walls display a small electroosmotic water flow at 
very high current densities (under 20 volts applied potential). 


When non-osmotic (“‘active”) water uptake or secretion is suspected in 
cells or tissues, a favorite mechanism invoked to account for it is electroos- 
mosis or its correlative anomalous osmosis. The driving force is generally 
assumed to be a diffusion potential (or other bioelectric source), locally short- 
circuited so that a current results, with transport of water through a mem- 
brane or other porous system. Sollner ef al. (1) have recently reviewed the 
physical basis. Extensions to biology have usually been theoretical or indirect 


* Aided by a grant from The Rockefeller Foundation. The work has been briefly 
summarized in an abstract (12) 
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(2-4), though a few direct tests have been performed, mostly with complex 
tissues such as twigs (5), roots (6), or mammalian membranes (7). These often 
employed very high applied potentials (120 to 220 volts)—over 1000 times the 
normal bioelectric range—and the tissues may well have been damaged. 

Theory can be as well invoked contra as pro: e.g., the absence of pores in 
protoplasmic membranes, inadequate natural potentials and currents, and 
the presence of salt concentrations too high for the manifestation of electro. 
kinetic phenomena. Sollner ef a/. (1), however, found that anomalous osmosis 
in artificial membranes can occur at physiologically possible salt concentra- 
tions. It therefore seemed desirable to explore the importance of electroos- 
mosis as a water-moving mechanism by direct measurement in single cells, 
preferably in those whose bioelectric and osmotic properties have been already 
established. The long internodal cell of Nitella is especially adapted to such 
study: it is electrically very well known, and its permeability and osmotic 
properties have been much investigated, of late with particular attention to 
water movement or “‘transosmosis” (8-10). It has a large and definite surface, 
and can tolerate a variety of solutions, from distilled water to 0.1 m salts 
and even more concentrated non-electrolytes. The effects due to the non- 
living cellulose wall can be independently evaluated by removing the proto- 
plasm and sap (11). 


Methods 


The apparatus employed is shown in Fig. 1. The cell (of Nitella clavata), about 5 
cm. long and 0.5 mm. in diameter, was previously isolated from all neighboring cells, 
and held in a narrow groove, slightly wider than the cell’s diameter, channeled in the 
two halves of a split cork. The groove was filled with vaseline, for waterproofing and 
electrical insulation, and the cell gently imbedded in it; the two halves of the cork 
were then fitted tightly together and inserted into the male member of a ball and 
socket ground-glass joint. The latter was held to the female member by a clamp. The 
far ends of these members were sealed to ordinary standard taper joints, making two 
equal compartments; while in a vertical position the latter were filled in turn with tap 
water or other solution, and ground-glass stoppers were inserted, taking care to avoid 
air bubbles. The stoppers bore calibrated glass capillaries and electrodes. The latter 
were of coiled silver foil, each about 5 cm.? in surface, coated electrolytically with 
AgCl, much like the electrodes of a Tiselius electrophoresis apparatus. The current 
was reversed sufficiently often to keep these well coated, and gas bubbling was never 
observed. Nor was silver poisoning apparent in the cells, which displayed good proto- 
plasmic streaming after several hours in the apparatus, with moderate current flow 
(5 pa.). 

After being held vertically for a few minutes, to test for leaks along the vaseline 
seal, the whole assembly was placed in a box and packed with “vermiculite” for in- 
sulation, only the capillaries and electrode wires protruding. Fluid was removed from 
the capillaries with a fine tube until the menisci were conveniently centered along 
attached millimeter rules, and the two menisci were observed under a magnifying 
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lass. If any appreciable movement occurred, it signified leakage along the cell, or 
damage to one end, causing “‘transosmosis” (the role of which will be discussed later 
‘n connection with current flow). Such cells were discarded, unless the flow was ver) 
Jight and regular, as in a few of the figures. The flows are expressed as total cubic 
millimeters of water movement (from the origin as zero), the values being the average 
of both capillaries: upward slopes signify water movement to the right, downward 
slopes to the left. 

The applied potentials are indicated with the polarity of the right end of the cell. 
The potentials were derived from dry cells or B batteries, sometimes provided with 
potential divider. A sensitive microammeter was in series to measure currents. 


cell cork 


—— F aed 


capillary ae capillary 





Fic. 1. Diagram of apparatus used for the study of electroosmosis in Niéella. The 
cell is sealed in a vaselined channel of a split cork. The total volume of each chamber 
was essentially equal. Further description in text. 


Experimental Resulis 


Occasionally there could be observed a small potential difference between 
the two chambers, due to unequal bioelectric potentials at the two ends of 
the cell. This might or might not be correlated with a flow of water. If the 
latter was large, it usually signified that one end was injured, allowing osmotic 
intake at the other end; and frequently coincided with a high potential. (The 
import of this as the result of large current flow is discussed later.) But, whether 
the potential was large or small, it was possible to test the effect of short- 
circuiting it, and so produce a “natural” current of injury, by fastening the 
electrodes together (with microammeter in series). In no case did this short- 
circuiting change the rate of water movement. This rather effectively rules 
out the discharge of the natural potential as a source of significant electroos- 
motic flow, since only with current flow can the latter occur. 

However, it might be objected that the resistances of the intact cell from 
end to end are too large to produce very much current. This is true, since even 
with the large cells of Nitella clavata employed, resistances may be as high as 
one-half megohm, and the currents from the discharge of 100 to 150 mv. not 
over 0.2 to 0.3 wa. (1 to 2 wa. per cm.? of cell surface). If the potential could 
find its sink very near to its source (as in “action currents’’) then larger cur- 
rents might result. For this reason we studied the effect of potentials larger 
than the natural bioelectric value. 

Fig. 2 shows the result of applying 1.5 volts—a potential some ten times as 
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great as the normal bioelectric potential of Niéella. There had been a very slow 
movement of water toward the left for about an hour before current flow; 
this scarcely altered during the potential application, nor did removal and 
later reversal of the applied potential effect any change in the flow. There 
was simply a very slow water movement, to no appreciable extent affected 
by the passage of some 3 wa.—a current density of about 20 ya. per cm: of 
cell surface. 


NITELLA in tap water 


off 1.5] volts 


MINUTES 


mm | !-5 ¥ pos 
10 


7 MIN. 240 300 360 

Fic. 2. Effect of applying 1.5 volts on water movement (cell in tap water). A small 
flow of water occurred toward the left during the first hour, but ceased before the 
application of potential. The latter scarcely altered the flow, which continued on 
cessation of current, and on its reversal. Potential applications at the upward arrows, 
lasting for 1 hour each (to downward arrows). Sign of the potential is that of the 
right end of the cell. Water movement in mm.*; downward, to the left; upward, to 
the right. 


Still higher potentials were therefore applied, running up to 10 volts. In 
Fig. 3, it is seen again that 1.5 volts scarcely affect the natural flow of water 
across the cell; 2.6 volts may have slightly done so, and 3.8 volts quite defi- 
nitely, to the right or left depending on polarity. Only at 10 volts, however 
(some 100 times the natural potential of the cell), does a really large response 
occur, with water movement at the rate of about 8 mm.? per hr. This ceases 
on interruption of the current (or slightly reverses). 

The effect of large currents is even more strikingly shown in Fig. 4. 15 
and 3.0 volts are scarcely effective; 4.5 volts positive produce a small flow to 
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the left, but 12 volts, and especially 20 volts negative, produce very large 
fows to the right; the higher potential causing a flow of some 60 mm.’ per hr. 
This is reversed on interruption, and enhanced toward the left on reversal 
of polarity, though the two last applications are definitely of less effect, prob- 
ably because the cell has become damaged. (It should be stressed again that 
20 volts are some 200 times the normal bioelectric potential.) 
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Fic. 3. Effects of higher applied potentials on water flow (cell in tap water). There 
was a slow initial flow to the right, which was not altered by removing or reversing 
the potential (1.5 volts). 2.6 volts had a negligible effect as well, and 3.8 volts scarcely 
more. Only at 10 volts (—) was there a pronounced water movement (to the right). 
Current flows for 15 minutes each as marked. Polarities and directions of flow as in 
Fig. 2. 
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Fic. 4. Effects of increasing applied potential (cell in tap water). 1.5 and 3.0 volts 
have little effect; 4.5 volts cause slight flow to the left; and 12 volts + but little more. 
However, 12 volts (—) produced marked flow, and 20 volts (—) rapid flow to right. 
This reversed on cessation of current and was increased by reversal of polarity (20 
volts +). Repetition of these exposures was less effective. Polarities and flows as in 
Fig. 2. Current flow for 15 minute periods as indicated. 
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That a differential damage can result from high potentials is shown jy 
Fig. 5. While the first two applications, of 3.0 and 4.5 volts, cause only slight 
water movement, 12 volts (as in Fig. 4) are definitely effective, and reversible: 
with opposite polarity the water flow is to the left. However, the latter flow 
continues unabated (at about 32 mm.’ per hr.) after the current is stopped: 
and this rate is maintained even though 20 volts are now applied, either posi- 
tive or negative. Finally, when flow has ceased, 20 volts (negative) produce 
only a slight flow to the right. 





NITELLA| in |tap water 


off 3.0v 4.5\. i2v. off iby. 


wt. 








a 











— 
MINUTES 60 120 180 


Fic. 5. Persistent effect of large current flow (cell in tap water). 3.0 and 4.5 volts 
had little effect, as before, but —12 volts produced good flow to right, which ceased 
on stopping exposure and reversed at +12 volts. Strong flow, however, continued on 
removal of the latter potential, and was not altered by later applications of 20 volts 
(+ or —). After flow had ceased, repetition of —20 volts had much less effect (cell 


damaged). Exposures 15 minutes each as indicated. Polarities and flow directions as 
in Fig. 2. 
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We interpret this experiment as follows: the first application of 12 volts 
caused a reversible injury at the negative end of the cell, but the second, of 
opposite polarity, produced a lasting injury, with transosmotic flow persisting 
after the current ceased, and during the applications of even higher potentials 
later. Noteworthy is the fact that when this injury persists, even the large 
currents resulting from 20 volts (100 to 200 wa.) do not affect the water move- 
ment: the osmotic component is dominant over the electroosmotic. This 
conclusion will be further discussed below, especially in relation to reversible 
injury, but it is clear that the electrical component is only minor compared 
to the osmotic. 

Attempts were therefore made to reduce osmotic flow by the application 





L. R. BLINKS AND R. L. AIRTH 389 


of more concentrated solutions to the cell, hitherto exposed to about 0.001 mu 
gits in the tap water. Mannitol has frequently been used to control water 
movement in both Nitella and roots, so a 0.26 m (nearly isotonic) solution 
of this indifferent substance was used to fill the electrode chambers. (This 
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Fic. 6. Effect of immersing cell in 0.26 m mannitol (nearly isotonic). The potentia 
applications which elicited rather large water flows in the presence of tap water, now 
had much smaller effect. Only at 45 volts was there a reasonably large water move- 
ment, and this occurred as well after 3 hours, when the cell was dead. Signs and con- 
ventions as in Fig. 2. Exposures, 15 minutes. 


was made up in tap water to maintain some conductivity.) Fig. 6 shows the 
strikingly different results obtained on application of potentials. 1.5 to 5.0 
volts were without appreciable effect, and even at 20 volts, the water move- 
ment was only about one-sixth to one-eighth the maximum found in tap water 
(f. Fig. 4). Only at 45 volts, an extremely injurious value (some 300 to 400 
times the normal bioelectric potential range), was there appreciable water 
flow. It is apparent that the presence of concentrated solution outside the 
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cell had indeed decreased the effect of current flow, though this non-electrolyte 
should not have altered conditions for electroosmosis itself. If electroosmosis 
is responsible for the water movement at 45 volts (which was maintained even 
after 3 hours, when the cell was certainly dead), then this is at least smaller § 
than osmotic water movement by some two orders of magnitude at biologi- 
cally possible currents. 

Somewhat more ambiguous results attended the use of electrolytes outside 
the cell. For this purpose diluted sea water (a balanced solution equivalent 
to 0.09 NaCl in osmotic pressure) was used to fill the electrode chambers 
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Fic. 7. Effect of immersing cell in 0.09 m NaCl (diluted sea water). Water move- 
ment much as in tap water, becoming appreciable at —10 volts and large at +20 
volts. Polarities and directions of flow as in Fig. 2. Exposures mostly 15 minutes 
(shorter at 1.5 volts, longer at 3.0 volts). 






































Currents were here somewhat larger, owing to higher conductivity, but at 
1.5 and 3.0 volts, there was again little or no water flow. However at 4.5 and 
10 volts it was definite, and at 20 volts quite striking (Fig. 7). 

It might be thought that this concentrated a salt solution (about two- 
thirds isotonic to the cell sap) would affect water flow in two ways: (1) de- 
crease osmotic pumping at the uninjured (or less injured) end of the cell; 
(2) decrease electroosmosis proper through electrokinetic effects upon charged 
surfaces of the membrane. 

However, it is apparent that neither effect is strong enough to suppress 
the effects of large currents, which indeed persisted for long periods (Fig. § 
and were nicely reversible. One explanation may be that the protoplasm at 
the less injured end is now not depleted of salts by the osmotic entrance of 
water alone, and so maintains its properties longer than when it is exposed 
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o dilute salt solutions (cf. Osterhout (8)). That 0.09 m NaCl is not indeed 
<otonic, and that rapid osmotic water intake can still persist, are shown by 
Fig. 9. Here some acetic acid was added to the dilute sea water at the left 
end of the cell, and after about 20 minutes that end was sufficiently injured 
» that water began to flow out toward the left, being forced by the osmotic 
attraction at the other (right) end, still intact. While this flow was still con- 
tinuing, 10 volts were applied,—first negative, then positive. Very slight 
change in water movement resulted—certainly less than 10 per cent in either 
direction. Remembering that this potential is some 100 times the normal 
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Fic. 8. (Continuation of Fig. 7). Repeated applications of 20 volts to the cell of 
Fig. 7, exposed to 0.09 m NaCl (diluted sea water). Water movements large and re- 
versible. Signs and polarities as in Fig. 7. Exposures 15 minutes each (off for 30 min- 
utes at 2 hours.) 





















































bioelectric value, we may calculate that in nature electroosmosis is probably 
much less than 1 per cent of osmotic water movement. When the acid injury 
had later spread to the right end, and water flow had consequently stopped, 
the application of 10 volts in reverse polarity, did indeed cause a greater 
flow toward the right, but still at only about one-fifth the rate due to osmosis 
alone in the salt solution (again at a potential some 100 times the bioelectric 
range). 

It finally became of interest to know how much of the water movement 
produced at high current densities was due to the cellulose wall, and how 
much to the more or less damaged, but still physically intact protoplasm. 
For this purpose, cells were used which had died and bleached out, but still 
exhibited a slight turgor (due to proteins or other indiffusible remnants of 
protoplasm). These could still be mounted in the vaselined corks, though 
there was doubtless some leakage along the cell. Results of a typical experi- 
ment are shown in Fig. 10. Slight water movement (about 4 mm.* per hr.) 
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Fic. 9. Cell in 0.09 um NaCl (diluted sea water) with 0.01 m acetic acid added to 
the left end. After about 20 minutes the latter was injured, and strong transosmosis 
began, toward the left. The application of 10 volts (— and +) had very slight effect 
upon this osmotic pumping, which ceased after about an hour. A new application of 
10 volts (—) then caused slight movement ‘to the right. Signs and polarities as in 
earlier figures. Exposures 15 minutes. 
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Fic. 10. Effect of large potential applications to a dead Nitella cell, in 0.09 u NaC 
(diluted sea water). There was a very small and reversible electroosmosis, at extremely 
high current (400 ya., due to the low resistance of the dead cell). Polarities and signs 
as in previous figures. Exposures 15 minutes. 
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was produced reversibly at 20 volts, in the presenee of 0.09 m NaCl. Smaller 
voltages were without effect, and the results were essentially the same with 
either tap water or mannitol. There is no doubt that this is true electroos- 
mosis, uncomplicated by differential osmotic flow. But it is very small, and 
occurs only at voltages and currents (here nearly 500 ya.) which are 100 times 
or more the bioelectric range. It may be responsible for part of the flow at 
45 volts in Fig. 6, since this occurred some three hours after the original appli- 
cation of 45 volts, which invariably damages or kills the cell. (In another 
case, however, even 80 volts applied to a cell exposed to isotonic mannitol 
produced no water flow.) 














DISCUSSION 





To what extent then, can electroosmosis be considered a natural, or if 
unnatural, a possible mode of water transport in Nitella? The answer to the 
first question must be: “negligible”, for neither bioelectric voltages nor cur- 
rents are sufficiently high to produce a water flow even 1 per cent of that due 
to normal osmotic movement. Neither short-circuiting of small natural po- 
tentials, nor the application of external potential up to 10 or 20 times the 
maximum bioelectric range is visibly effective, even for periods of an hour. 
Practically all the experiments here reported agree in this regard, though 
occasionally at 3 volts there is a slight effect. But again we emphasize that 
this, while reversibly injurious, is still 20 to 30 times the bioelectric poten- 
tial. 

When we apply higher voltages—of a second order of magnitude above 
normal—water movements unquestionably result. We have already suggested 
the cause of these. In this connection Figs. 5, 6, and 9 seem especially signifi- 
cant. In Fig. 5 the application of 12 volts (—) caused good water movement 
toward the right, and, with reversal of polarity, toward the left. This flow, 
however, continued unchanged when the potential was removed, and it was 
essentially unchanged when the potential was later increased to 20 volts 
(in either direction). We are forced to conclude therefore that such a large 
electric current damaged the protoplasm (here at the left end of the cell) 
irreversibly, so that its osmotic properties were lost and water was now forced 
out across it by the osmotic intake at the right end of the cell. (See Fig. 11.) 
Once this damage was done, further flow of current did not affect water move- 
ment. We must assume in this case that the left end of the cell was for some 
reason more sensitive than the right end, and that it is the cathode (negative 
pole) which is more injurious than the anode. In this connection it may be 
recalled that in Nitella, as in most irritable cells, it is the cathode which also 
produces reversible “stimulation,” and the anode which enhances “recovery” 
(11). 

Water flow is thus induced indirectly by electric current, as the result of 
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differential (and in many cases reversible) damage to the protoplasm, tha: 
at the cathode being more sensitive, and rendered more permeable to Solutes, 
so that its semipermeable, osmotic properties are lost. As a result, water is 
forced across it by osmotic intake from the other, less damaged, end, (Fig. 
11 B) If the injury is reversible, the flow stops on cessation of current; if 
irreversible, it continues after the current ceases, and until the other end 
loses its osmotic properties (Fig. 11 C). 
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Fic. 11. Diagram of the suggested cause of water movement due to current flow. 
In A, with low or zero current flow, both ends of the cell are intact, and osmotic at. 
traction is balanced, giving rise only to turgor. In B, the left end of the cell (cathode) 
has been injured (shading) by application of higher potentials; it loses its semiperme- 
able properties, while water continues to enter at the right, due to osmotic attraction. 
There is consequently a net flow (transosmosis) toward the left. Finally, in C, both 
ends have been injured (by still higher potentials or by reversal of polarity) and os- 
motic properties have been lost, as indicated by shading. There is now no osmotic 
movement across the cell. Small water transport would be due to electroosmosis across 
cellulose wall. 





That indirect (osmotic) flow of water is involved, seems proved beyond 
question by the experiment shown in Fig. 6, where the application of nearly 
isotonic mannitol almost entirely abolishes the water flow. Only at 45 volts 
does it become appreciable. Finally, in Fig. 9, where injury was purposely 
induced by another agent (acetic acid) at one end of the cell, water movement 
became very large, and was not then greatly altered by the application oi 
10 volts, in either direction. 

Fig. 11 is a diagram summarizing our idea of the causes of water move- 
ment under applied potential. Fig. 11 A gives the situation in an intact cell 
under normal bioelectric stress or with applied potentials up to 10 times this 
value. Both ends of the protoplasm are osmotically effective, water is 
attracted equally into both ends, and no net flow results—only turgor. Fig. 
11 B diagrams the situation under 10 to 20 volts applied potential (100 times 
normal). The left end of the cell (cathode) has become osmotically damaged, 
as indicated by the shading, while the right end is still normal. Water is there- 


fore ¢ 
mosis 
curre 
Final 
dam 








that 
tes, 
T is 
Fig. 
; if 
end 


de) 
ne- 
on. 
rth 


tic 
085 








L. R. BLINKS AND R. L. AIRTH 395 





‘ore attracted in at the right end, and forced out at the left, giving transos- 
nosis ($-10). If the damage is reversible, the left end recovers on cessation of 

~urent flow, and water movement also ceases; if irreversible, it continues. 

Finally, in Fig. 11 C we see the situation when both ends of the cell have been 

damaged (completely or equally) so that water intake is nil (or balanced) 

at the two ends, and no net fiow results. 

Such differential damage, we believe, accounts for most of the water flow 
‘n Nitella under moderately large applied potentials (i.e., up to 10 or 20 volts). 
Whether it is responsible for the large flows sometimes observed (as in Figs. 
+ and 8), we are still uncertain; 0.09 m NaCl is not isotonic, and to this extent 
the proposed mechanism of cathodal damage could still hold. If so, the damage 
is more reversible in the presence of more concentrated salts than it is in tap 
water. Possibly the protoplasm is not depleted of its salts by transosmosis 
as in tap water) and hence quickly recovers. Or it may be that under these 
conditions true electroosmosis actually occurs. However, it should again be 
emphasized that it is limited to potentials 100 to 200 times the normal bio- 
electric range. 

Finally, and possibly contributory to the above conclusion, is the fact 
that only very slight electroosmosis is observed with dead cells, when, only 
the cellulose wall is intact. Apparently protoplasm must be present to produce 
large movement of water, and it seems likely that the osmotic mechanism of 
Fig. 11 is then involved. 

We conclude, therefore, that electroosmosis is not found in Nifella under 
natural or applied potentials of moderate value. A “pseudoelectroosmosis’’ 
occurs under rather large applied potentials, but this has its origin in differ- 
ential damage to the protoplasm, resulting in transosmosis. This may be 
reversible or irreversible. In any case it occurs only at potentials and currents 
100 times any naturally possible values. This is in agreement with Studener 
13), who found no evidence for anomalous osmosis in Nitella, when plas- 
molyzed with salts which gave some indication of the process in other cells. 


BIBLIOGRAPHY 


|. Sollner, K., Dray, S., Grim, E., and Neihof, R., in Ion Transport Across Mem- 

branes, (H. T. Clarke, editor, New York, Academic Press, Inc., 1954, 158. 

. Bennett-Clark, T. A., and Bexon, D., New Phytologist, 1943, 42, 65; 1946, 45, 5. 

. Brauner, L., Rev. fac. sc. univ. Istanbul, Série B, 1945, 10, 1; Brauner, L., and 
Brauner, M., Rev. fac. sc. univ. Istanbul, Série B, 1943, 8, 264; Brauner, L., and 
Hasman, M., Rev. fac. sc. univ. Istanbul, Série B, 1946, 11, 1; 1947, 12, 210. 

. Arens, K., Rev. Canad. Biol., 1949, 8, 157. 

. Stern, K., Z. Bot., 1919, 11, 561. 

. Heyl, J. G., Planta, 1933, 20, 294. 

’. Mudd, S., J. Gen. Physiol., 1924-25, 7, 389; 1925-26, 9, 73, 361. 


~ 


ea 


















\ 










etme £ Cheese eeseee 










Rw eet 































ELECTROOSMOSIS IN NITELLA 


. Osterhout, W. J. V., J. Gen. Physiol., 1945, 29, 73; 1949, 32, 553, 559 
423. 
. Kamiya, N., and Tazawa, M., Protoplasma, 1956, 46, 394. 
. Kamiya, N., and Kuroda, K., Protoplasma, 1956, 46, 423. 
. Blinks, L. R., J. Gen. Physiol., 1930, 13, 495; 1936, 20, 229. 
. Blinks, L. R., and Airth, R. L., Science, 1951, 118, 474. 
3. Studener, O., Planta, 1947, 35, 427. 


; 1954, 37, 





EFFECTS OF METABOLIC INHIBITORS AND DRUGS ON ION 
TRANSPORT AND OXYGEN CONSUMPTION IN ISOLATED 
FROG SKIN* 


By ERNST G. HUF, NORMA S. DOSS, anp JOYCE P. WILLS 
(From the Department of Physiology, Medical College of Virginia, Richmond) 


(Received for publication, April 15, 1957) 


ABSTRACT 


Active ion (NaCl) transport across isolated frog skin is discussed in relation to so- 
dium and potassium composition and to O2 consumption of skin. A distinction is made 
between processes in skin related to “unidirectional active ion transport” and processes 
related to “maintenance electrolyte equilibrium;” i.e., ionic composition of skin. Several 
metabolic inhibitors were found that could be used in separating maintenance elec- 
trolyte equilibrium from unidirectional active ion transport. Fluoroacetate (up to 
1 X 10-*m/liter) did not affect maintenance electrolyte equilibrium, but severely 
diminished the rate of active ion transport. This could also be accomplished with 
azide and diethyl malonate when 1 X 10~* molar concentrations were used. When ap- 
plied in higher concentrations, these two inhibitors, and several others, diminished 
active ion transport, but this was associated with changes in maintenance electrolyte 
equilibrium (gain of Na* by and loss of K* from skin). Similar observations were made 
when skins were subjected to K*-deficient media. Mersalyl and theophylline, in low 
concentrations, stimulated active ion transport without leading to changes in main- 
tenance electrolyte equilibrium. Inhibition of active ion transport was found accom- 
panied by decrease, increase, and unaltered over-all O2 consumption, depending on 
the kind of chemical agent used. A provisional scheme of the mechanism of unidirec- 
tional active ion transport is proposed. It is conceived as a process of metabolically 
supported ion exchange adsorption, involving a carrier, forming complexes with K* 
and Na*, a trigger, K* ions, and two spatially separated metabolic pathways. 


I 


INTRODUCTION 


It is well known that non-secretory and secretory cells are able to separate 
sodium ions from potassium ions. Potassium ions are chiefly found within the 
cell, sodium ions mainly outside the cell. In the following, we shall refer to 
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this ion separation as ‘‘maintenance electrolyte equilibrium.” Superimposed on 
this, many epithelial cells exhibit the phenomenon of metabolically supported 
“‘unidirectional active ion transport.”” When this occurs, there is a net uptake of 
cations and anions at one side of the cell and a net release of ions from the 
opposite side of the cell. Frog skin behaves like this. In surviving skin, NaC} 
(and water) moves across the skin of the inward direction. 

In previous studies (21, 24), it was observed that skins in K*-depleted 
salt solutions show very little net NaCl transport. Associated with this was a 
change in electrolyte composition of the skins. They lost potassium and gained 
sodium. A number of chemicals, enzyme inhibitors, and drugs are known to 
inhibit net NaCl transport across frog skin (9, 18, 19, 42). The question arose, 
then, whether the drug-induced inhibition of salt transport was or was not 
associated with changes in electrolyte composition of skin. The present paper 
deals with this question. The possibility of separating, by means of chemicals, 
maintenance electrolyte equilibrium from active ion transport was visualized. 


I 
Methods 


1. Skin Preparations.—All studies were carried out on Rana pipiens. The portions 
of skins selected were those of the hind legs. Skins of the right sides were used for the 
experiments. Skins from the left side served as controls. In studies on electrolyte 
composition and active transport, approximately 0.5 gm. of fresh skin was used. Qo, 


determinations were carried out on approximately 0.1 gm. of fresh skin. All pieces of 
skin were carefully handled. Loose connective tissue and remnants of skeletal muscu- 
lature, that may have come off with the skin when it was stripped from the body, were 
removed. Determination of the wet weight of skin was preceded by carefully blotting 
the skin on soft filter paper. 

2. Studies on Electrolytes in Skin Using Sheets —Sheets of skin, obtained by making 
a cut in the long axis through properly trimmed and weighed pieces of skins from legs, 
were completely submerged in salt solution. Rolling up of skin in the bath was largely 
prevented by suspending the skin with two threads, attached to adjacent corners oi 
the skin, from two of four equally spaced hooks on a disc above the surface of the bath. 
In order to prevent floating of the skin in the bath, a small piece of glass tubing was 
attached to the lower end of the skin. Usually four sheets of skin were submerged in 2 
liters of salt solution, containing one or another poison. At the same time, four control 
sheets of skin were similarly submerged in 2 liters of salt solution containing no poison. 
The discs from which control and experimental skins were hung were rotated slowly 
(12 r.p.m.). The salt solutions were kept in jars that were covered with lids. All 
skins were left for 8 hours in the salt solutions at 20 + 0.02°C. The skins were then 
removed, reweighed, and dried for 2 hours at 110° for dry weight estimations. This was 
followed by incineration of the skins for sodium and potassium estimations. Details 
of this procedure were described in a previous paper (24). 

3. Studies on Active Ion Transport and Electrolytes in Skin Using Bags.—Thes 
studies were carried out using the method of paired skin bags (19, 24). In all cases 
the corium was turned outward and was in touch with the salt solution in the jar. The 
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bags contained 4 to 6 ml. of salt solution taken from the bath in which the bags were 
immersed. Control bags were exposed to unpoisoned, experimental bags to poisoned 
alt solution. Usually four control bags and four experimental bags were used at the 
ae time and were placed into their respective baths. The bags were not moved in 
the bath. Temperature of the bath was 20 + 0.02°C., duration of the experiment, 8 
hours. After this the bags were emptied. Bag fluid, bath, and skin were then investi- 
sated chemically. From the loss of fluid from the bag, change in its CI” concentration, 
and skin surface area involved, net rates for NaCl and water transfer were calculated. 
Since it is known (22) that, for the first hour after starting the experiments, skin po- 
tentials are fairly unstable, the first measurements were taken 2 hours after the bags 
had been filled and submerged into the salt solutions. A second potential reading was 
carried out 7 hours from the beginning of the experiments. Skin potentials were cor- 
rected for potentials that may have existed between the leads that connected the skin 
with calomel electrodes. Potentials were measured with the aid of a bridge and a 
moving coil galvanometer as null-instrument (23). 

4. Chemical Procedures-—Skin ashes were dissolved in diluted nitric acid. Ali- 
quots of these solutions and of the salt solutions used as bath and bag fluid were, after 
appropriate dilution, analyzed for sodium and potassium with the Barclay flame 
photometer, using the internal standard method. Standard sodium and potassium solu- 
tions were included in each series of “unknown” solutions. Calcium was precipitated 
as oxalate and then titrated with KMnQ, . Chloride was estimated iodometrically (24). 

5. Salt Solutions —In all experiments, the salt solution had the following composi- 
tion: NaCl, 118 ua /ml.; KCl, 10 yat/ml.; NaHCO, , 2 um /ml. In the text, this solution 
is simply referred to as ““NaCl solution.” The relatively high potassium concentration 
was chosen because it was found earlier that about 10 weq. K*/ml. are required to pre- 
vent loss of potassium from isolated skin (24). Except in the experiments with CO, 
the salt solutions were oxygenated several hours before the final adjustment of pH 
to 7.4-7.5 was made. No oxygen was bubbled through the solution during the experi- 
ments. 

Solutions used in the measurements of Qo, had the same composition with respect 
to sodium and potassium. Bicarbonate, however, was replaced by sodium phosphate 
(6 ua /ml.). 

6. Chemicals.—All chemicals used were reagent grade. Sodium fluoroacetate (Mon- 
santo Company) was kindly given to us by the Army Chemical Center, Medical 
Division, Edgewood Arsenal, Maryland. CO was generated by letting concentrated 
sulfuric acid act on formic acid. The CO was thoroughly washed with strong alkali 
and stored in large bottles, together with 10 per cent of O2, over slightly alkaline 
water. Gas analysis was made the day when the gas mixture was used. A simplified 
Haldane apparatus was employed in the gas analysis. 

7. Qo, Measurements.—O, uptake of freshly excised pieces of skin in air was meas- 
ured applying Warburg’s direct method (50). A rotary Warburg apparatus (Aminco) 
was used. Shaking frequency, 112 cycles/min.; amplitude, 4 cm. No increase in O, 
uptake of skin was seen by increasing shaking frequency or amplitude. In all experi- 
ments, except those in which cyanide was used, the main vessel contained 1.65 ml. of 
unpoisoned salt solution, the side arm 0.4 ml. of poisoned or unpoisoned (controls) salt 
solution. CO, was absorbed with 0.15 ml. of 10 per cent KOH in the center well into 
vhich one strip of filter paper was also placed. Temperature of the water bath, 20 + 
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0.03°C. In each case, O2 uptake was followed for a period of 234 hours before the 
contents of the side arm was added to the main compartment. After this, measure. 
ments of O: uptake were continued for 3 more hours. In doing this, each piece of skin 
served as its own control. Readings were taken at 45 minute intervals. At the end 
of the experiments, the salt solutions in the vessels were carefully removed for pH 
measurements using the glass electrode. Very occasionally, experiments had to be dis- 
carded because KOH had spilled over from the center well into the main compartment. 
In studying the effect of cyanide on O: uptake, the principles worked out by Robbie 
(40) were strictly applied. In these studies with cyanide, the side arm was left empty. 


TABLE I 
Protocols of Representative Experiments 


FA = fluoroacetate; DNP = 2,4-dinitrophenol; DEM = diethyl malonate. In each set 
of data the upper figures represent control values. 
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Cyanide was either present in the system from the beginning of the measurements or it 
was absent in the case of control experiments. A similar procedure was also followed 
when studying the effect of 1 x 10~* molar diamox solution on O2 consumption. Qo, 
values were expressed in wl. X hr-' X mg! dry weight. 

Regression calculations were carried out for the rate of O2 consumption before and 
after addition of chemical agents. The Qo, values shown in the tables are the values 
for the calculated regression coefficients (see also Fig. 2). 

8. Statistical Analysis—All data on electrolyte transport, water transport, and 
skin potentials were tested for significance of differences in measurements. The 
methods of individual comparison or of group comparison were applied, depending on 
the design of the experiments (44). Differences in measurements were regarded as sig- 
nificant when P was 0.01 or lower. Computations of variances of slopes of regression 
lines, expressing rates of O2 consumption, and computations of #’s and P’s were car- 
ried out to test the significance of differences in measurements relating to effects 0! 
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guoroacetate only (16, 25). Reasons for this will be given in the Discussion in section 
6 of this paper. 

0. Protocols of Experiments.—Table I shows for three representative experiments, 
the kind of information that was collected in the present studies. In Tables II to V 
oily portions of similar information obtained from experiments with a variety of 
chemical agents are reproduced. 


il 
RESULTS 


|. Electrolytes in Skin.—Various chemical agents, when given in sufficiently 
high concentrations, lead to gain of sodium by and loss of potassium from the 
skin. Fig. 1 gives evidence for this. Gain of sodium and loss of potassium as 
observed 8 hours from the beginning of the experiments, are expressed in 
microequivalents per gram of dry skin. At a concentration of 1 X 10-° m mer- 
salyl/liter, poisoned skin, e.g., had gained, on the average, 158 weq. Na* and 
had lost 67 weq. K* (4 experiments). In this case, unpoisoned control skins 
contained 358 weq. Na* and 224 weq. K*+/gm. of dry weight. Other data shown 
in the illustration have similar meaning. As a rule, gain of sodium exceeded 
loss of potassium. Ratios for [Na*] gained/[K*] lost, varied from 1 to 3. From 
previously published data (24) one can calculate a value of 2.1 for [Na*] 
gained/[K*] lost, for skins that were kept for 8 hours in K*-free NaCl solution 
(119 weq. Na*/ml.). It will be observed that for all chemicals tried, gain of 
sodium and loss of potassium began to become apparent at the same dose of 
poison; ¢.g., at 3 X 10-* m mersalyl/liter; In effectively poisoned skins gain 
of sodium was always accompanied by loss of potassium. The effects, there- 
fore, of chemical agents on sodium and potassium content of skin may unam- 
biguously be measured by the [Nat]/[K*] ratio. When, under the influence 
of chemical treatment of skin, the value for [Na*]/[K*] had significantly 
risen above the corresponding value for control skin, it was indicated thereby 
that the skin had gained sodium and lost potassium. 

The effect of anoxia on sodium and potassium content of skin was also in- 
vestigated. In these experiments, pure Ne from a tank was bubbled through 
the salt solution in which the skins were submerged. Oxygenated salt solution 
was used in control studies. For analysis of dissolved O2, Winkler’s method 
was used. In the anoxia experiments, a level of 0.2 mg. O2/liter was main- 
tained for 8 hours. The oxygen level in the control bath was 14.5 mg./liter at 
first and 9.0 mg./liter shortly before the end of the experiment. It was found 
that in anoxia the skins had gained, on the average, 109 weq. Na* and had 
lost 61 weq. K*+/gm. of dry weight (4 experiments). The average composition 


of the respective control skins was 349 weq. Nat and 151 weg. K+/gm. of 
dry skin. 


In no instance did the water content of the skin significantly change as a 
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result of the treatment with chemical agents, whether effective or not effec- 
tive on sodium and potassium in skin. 
None of the chemicals used here had an obvious effect on Ca*+ content of 


skin. 
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Fic. 1. Gain of sodium by and loss of potassium from frog skin sheets. The data 
plotted are average values obtained mostly from 4, sometimes 8 paired experiments 
for each concentration of inhibitor or drug. Gain of sodium and loss of potassium are 
given as differences in sodium and potassium contents between experimental skins 
and the respective control skins, forming pairs. During the time when these studies 
were carried out, sodium and potassium content of control skins varied as follows: 
Nat, 328 to 364 weq./gm. of dry weight, K+, 168 to 201 weq./gm. of dry weight. 
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2. Inhibition of NaCl and Vater Transport without Change in Skin Electro- 
ites ((Na*]/[K+]).—Fluoroacetate, even when given in 1 X 10-* molar solu- 
tion, significantly diminished the rate of net NaCl and H;0 transport without 
significantly increasing the [Nat]/[K*] ratio for poisoned skin (Table II). 
Similar results were obtained with diethyl malonate (1 X 10~* m/liter) and 
aide (1 X 10-* m/liter). All three inhibitors, at concentrations that decreased 
the rate of NaCl and HO transport, also diminished skin potential and rate 
of 0, uptake. Fig. 2 shows the effect of fluoroacetate on O2 consumption. The 


TABLE II 
Inhibition of Net NaCl and H2O Transport without Significant Changes in Skin 
Electrolytes ((Na*)/(K*)) 
The effect of each dose was tested on 8 (sometimes 12) pairs of skin bags. Data on O2 
consumption are based on measurements on 10 to 40 pieces of skin. The figures shown are 
average values. 
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ineffectiveness of fluoroacetate on skin electrolytes is quite remarkable. One 
is reminded, here, of observations made by Mudge (37). He found that 1 X 
\0* molar fluoroacetate was relatively inactive on electrolyte composition of 
rabbit kidney cortex slices. This was in contrast to the action of cyanide, 
azide, arsenite, and other inhibitors, which did have effects on electrolyte 
composition of kidney slices. 

| Cyanide (3 X 10-* m/liter) inhibited net NaCl and H;O transport without 
increasing the [Na+]/[K*+] ratio for skin. It must be suspected, however, that 
the mechanism of cyanide action is different from the mechanism of action of 
the other three inhibitors mentioned. It will be noted (Table II) that a 3 X 
1 molar solution of cyanide slightly reduced the rate of O2 uptake, but 
significantly increased the skin potential. The reason for this is not clear. It 
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may be that cyanide lowers the permeability of the skin for chloride 
This is known to diminish the net rate of NaCl transport (23). 

The results of these studies show that fluoroacetate, diethyl malonate, and 
azide may be used to separate maintenance electrolyte equilibrium from active 
Na* transport. Fluoroacetate serves best for this purpose because of its inef. 


ions. 


pi.O, x hr” x mgidry wt 








- 
HOURS 

Fic. 2. Effect of fluoroacetate on O, consumption. The point of origin for four of 
the five lines shown has been shifted from “zero” to the right on the time axis for 
reasons of clearer demonstration. In each case a number of skins were used: for a, 20; 
b, 30; c and d, 20 each; e, 50. The points plotted represent average values. The lines 
drawn are calculated regression lines. The effect of fluoroacetate in concentrations of 
1 X 10~‘w/liter or higher, was highly significant (P < 0.005). 


fectiveness on Nat and K* composition of skin. A finer differentiation in the 
actions of inhibitors on maintenance electrolyte equilibrium and active ion 
transport may possibly result from kinetic studies. In the present studies, 
measurements on electrolytes in skins and solutions were done at the end of 
the 8th hour from the start of the experiments. Skin potentials were measured 
twice, at the end of the 2nd and at the end of the 7th hour. In most instances, 
the two readings were approximately the same, indicating relatively fast action 
of the chemical agents on the mechanism of active ion transport. When using 
effective concentrations of iodoacetate and arsenite, (see below), the “’ 
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hour reading” was considerably lower than the “2nd hour reading,” in- 
dicating a slower action of these inhibitors as compared to others used. 

3. Inhibition of NaCl and Water Transport with Change in Skin Electrolytes 
‘Increase in [Na*]/[K*]).—Azide, diethyl malonate, and cyanide, when used 


TABLE Il 


Inhibition of Net NaCl and H2O Transport with Significant Changes in Skin 
Electrolytes (Increase in |Na*)/([K*]) 
The effect of each dose was tested on 4, 8, or 12 pairs of skin bags. Data on 02 consump- 


tion are based on measurements on 10 to 30 pieces of skin. The figures shown are average 
values. Versene is ethylenediamine tetraacetate. Diamox is acetazoleamide. 
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in concentrations higher than those mentioned above, either strongly inhibited 
or completely abolished net rate of NaCl and HO transport and skin potential. 
Rate of O2 uptake in poisoned skin was greatly depressed. The [Na*]/[K*] 
ratio for poisoned skin was significantly greater than the [Na*]/[K*] ratio for 
unpoisoned skin. Other chemical agents, among them 2,4-dinitrophenol and 
iodoacetate, behaved similarly (Table III). 

These studies seem to point out that when inhibitors are used in experi- 
ments on active ion transport, great care must be exercised in choosing the 
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Fic. 3. Left half: Data on composition of fresh skins used in studies reported on 
previously (24). The numerals on the abscissa refer to the number of the month of the 
year. A total of 214 frogs was studied. Right half: Data on composition and activity of 
control skin bags used in the present study. A total of 303 frogs was investigated. 
Standard deviations of the means are shown for several points. Note the diminished 
rate of NaCl and H,0 transport during the winter season (curves a and b). By com- 
paring the data of October, 1955, with those of February, 1956, significance of di- 
ferences in the measurements at the 1 per cent or lower level could be established 
for all results except for per cent H,O and the “7 hour potential” readings. For these, 
differences shown were significant at the 2 per cent level. 
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proper inhibitor concentration. Commonly used inhibitors show unspecific 
fects; i.¢., they lead to inhibition of active ion transport accompanied by 
gisturbance of the maintenance electrolyte equilibrium. 

Fig. 3 (curves @ and 5) gives evidence for inhibition of net NaC! and fluid 
transport across frog skin which can be observed during the winter months. 
This seasonal depression of net NaCl and fluid transport is accompanied by an 
increase in sodium and a decrease in potassium content of the skin. It is our 
impression that these changes are not paralleled by changes in rate of O» 
consumption. 

4, Stimulation of NaCl and Water Transport without Change in Skin Electro- 


TABLE IV 
Stimulation of Net NaCl and H2O Transport without Significant Changes in Skin 
Electrolytes ({Na*|/{K*]) 
The effect of each dose was tested on 4 to 12 pairs of skin bags. Data on O2 consumption 


are based on measurements on 10 to 20 pieces of skin for each dose. The figures shown are 
average values. 
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lytes ([Na*]/K+]).—When mersalyl and theophylline were used in rather low 
concentrations (Table IV) an increase in net rate of NaCl and HO transport 
was observed. The [Nat]/K*] ratios for poisoned skins, and skin potentials 
were the same as the respective values for control sk'ns. Rate of O2 uptake 
was subnormal. 

5. Unaltered NaCl and Water Transport with Change in Skin Electrolytes 
Increase of [Na*]/[K+]).—Mersalyl and theophylline, when used in higher 
concentrations, significantly increased the [Na*]/[K+] ratios for poisoned 
skins (Table V). In spite of this, the net rate of NaCl and H,O transport was 
approximately the same as was found in control experiments. Skin potentials, 
however, were depressed. Qo, values were at control level when mersalyl was 
used. Higher Qo, values were seen in studies with theophylline. 

Comparing data shown in Tables IV and V, it will be noted that both mer- 
salyl and theophylline had inhibitory action on NaCl transport, water trans- 
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port, and skin potential. The action of mersalyl and theophylline differe, 
from the action of the other chemical agents used, in that mersaly] and theo. 
phylline increased net NaCl and H;0 transport at low concentration and then, 
from this elevated level, depressed the rate of transport when the drug con- 
centration was increased. This, then, was associated with increase in the [Nat]/ 
[K+] ratio of skins. 

6. Effects of Carbon Monoxide.—No changes in sodium and potassium 
composition occurred when skin was exposed, in the dark, to a gas mixture of 
90 per cent CO and 10 per cent O2 at ambient pressure. Net rate of NaC] and 
fluid transport was not diminished. Skin potentials were slightly, but not 


TABLE V 


Stimulation of and Unaltered Net NaCl and H2O Transport with Change in Skin 
Electrolytes (Increase in (Na*|/[K*]) 


The effect of each dose was tested on 8 to 12 pairs of skin bags. Data on O2 consumption 
are based on measurements on 20 pieces of skin for each dose. The figures shown are average 
values. 
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significantly, depressed. The influence of CO on skin potential was thoroughly 
studied by Taylor (49). Comparing the effects of N2/O2 and CO/O; mixtures, 
Taylor concluded that CO caused a 15 to 20 per cent greater depression than 
anoxia in skin potential. Fenn and Cobb (8) have observed a slight diminu- 
tion in oxygen consumption using a mixture of 80 per cent CO and 20 per cent 
oxygen. Obviously, frog skin is not very sensitive to CO at atmospheric pres- 
sure. Frog skin is unable to repay more than 8 per cent of an oxygen debt 
contracted during a period of anoxia of 2 to 3 hours (7, 41). 

7. Rate of O. Uptake in K*-Depleted Skins —The skin of a frog’s leg was 
divided into two halves, and treated as follows: One half was placed into 4 
flask with 25 ml. of NaC! solution from which potassium was omitted. The 
other (control) half of the skin was submerged in NaCl solution containing 
10 weq. K+/ml. (see under Methods). Both flasks were shaken for 2 hours at 
20°C. After this period of pretreatment, small pieces of K+-depleted and normal 
skins, forming pairs, were cut out of the larger pieces of skins. These smaller 
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pieces of skins (approximately 0.1 gm.) were transferred to Warburg vessels, 

-ontaining K+-free NaCl solution for skins that had been pretreated with K* 
free NaCl solution. Control skins were placed in vessels containing NaCl 
«lution with potassium. Oxygen uptake was measured for 6 hours. After 
this, K*-depleted skins and control skins were pooled separately and analyzed 
ior Kt content. A total of 50 skin pairs, obtained from 10 frogs, was studied. 
The differences between the measurements were evaluated using the method 
of individual comparisons (44). 

These studies have shown that there was no statistically significant difference 
in rate of O2 consumption in K*-depleted skins as compared to control skins 
P = 0.05). The respective Qo, values were 0.33 and 0.36 ul. X kr’ X mg. 
dry weight. K*-depleted skins had a K* content of 63 weq./gm. of dry weight; 
-ontrol skins contained 157 weq. K*+/gm. dry weight. This difference is highly 
significant, statistically. It was shown previously (21, 24) that such a loss of 
K+ from skin severely diminishes net rate of NaCl and fluid transport. 


IV 
DISCUSSION 


1. [Nat]/[K+] Ratios for Skins.—The chief cation of epithelial cells of frog 
skin is potassium. Outside the epithelial cells, the main cation is sodium (24). 
Under the conditions of the experiments described in this paper, any increase 
in the [Na*]/[K+] ratio was regarded as indicative that the epithelial cells had 
lost K+ and gained Na+ (K+ = Nat exchange). It was also assumed that the 
space outside the epithelial cells had established ion equilibrium with the 
NaCl solution in which the skins were kept for 8 hours and that this equilib- 
rium was similar for control and experimental skins. The reasons for these 
assumptions are: (a) Previous studies have shown that the epithelial cells will 
lose K+ and gain Na* when skins are kept in K*-deficient NaCl solution (24). 
b) For skins under the influence of chemical agents, the threshold concentra- 
tion inducing gain of Na* is the same as the threshold concentration inducing 
loss of K+ (Fig. 1). This strongly suggests that gain of Nat and loss of K* 
are coupled processes involving only one kind of tissue, namely the epithelial 
cells. (c) Skins treated with chemical agents had the same percentage water 
content as did skins serving as controls. Furthermore, control skin had the 
same percentage water content as skin analyzed immediately upon removal 
from the body (Fig. 3). 

It should be noted that control (untreated) skins, analyzed after they had 
been exposed for several hours to NaCl solution, had a higher Nat and also a 
slightly higher K+ content than did fresh skins obtained from frogs used in a 
previous study (24) (Fig. 3). In the present work, however, experimental 
skins were not compared with fresh skins, but with control skins that were 
treated like the experimental skins except for one variable (see under Methods). 
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2. Mechanism of Active Na*+ Transport.—Over the past several years 
considerable number of facts on active Na* transport in frog skin have been 
reported from a number of laboratories (18-24, 27, 32, 33, 42, 51, 53). It may 
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Fic. 4. Provisional scheme of a mechanism of active Na* transport and its possible 
linkage to metabolic pathways. The scheme depicts a triggered K+ = Nat exchange 
adsorption reaction that may occur in some compartment within epithelial cells (see 
section 2 under Discussion). The outside of the skin is to the left of the figure. The 


figure indicates the known levels at which various chemical agents may block metabolic 
reactions. 


be profitable, therefore, to try to combine the older data with data presented 
in this paper in the form of a provisional scheme of the mechanism of active 
Na* transport. 

In Fig. 4 unidirectional active Na+ transport is conceived as a process o! 
metabolically supported ion exchange adsorption involving a carrier, R, 4 
trigger, 77, K+ ions, and two spatially separated metabolic pathways. 

It is assumed that the carrier behaves like a polyelectrolyte with a number 
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of fixed charges (6, 12, 13, 34, 39, 43, 45, 47), binding K* ions in preference to 
Nat ions. This is consistent with the fact that K* is the predominant cation 
within the epithelial cells of the skin. The number of K*+ and Nat ions found 
in the complexes RK,,Na, would have to depend on the structure of R and 
on the K+ and Na* concentration in the environment of the compartment in 
which the ion exchange reaction takes place. It is known that K+ = Nat 
exchange occurs when skin is placed in K*-deficient NaCl solutions (24). 
It is assumed that the structure of R is dependent on a carrier metabolism 
because enzyme inhibitors in relatively high concentrations will lead to K+ = 
Nat exchange, most likely, within the epithelial cells of the skin. The implica- 
tion of a frigger and a trigger metabolism in active Na* transport is made to 
account for the observation that fluoroacetate and a few other inhibitors can 
inhibit net NaCl (and very likely active Nat) transport without changing the 
K+ and Na+ composition of skin. There are many cell constituents which could 
act as triggers; e.g., ATP, or acetylcholine (17, 28, 38, 52). In the case of a 
redox carrier (3), electron transfer may be considered as the triggering mecha- 
nism. The trigger molecule may be either free or attached to the carrier. As 
shown in the scheme, it is suggested that K* ions participate in a “potassium 
cycle” in the mechanism of active Nat transport. Entrance of K* ions from the 
corium side of the skin into the K* cycle, and loss of K* from the K* cycle to- 
wards the epithelial side of the skin are indicated in the scheme for the follow- 
ing reasons: It is known that when the skin potential is low (e.g., 40 mv.), ap- 
proximately one equivalent K+ appears at the epithelial side for each 
85 equivalents of Na+ that move towards the corium (23); in other words, 
there is no appreciable K+ = Na* exchange across the skin (low K+ leakage). 
When the skin potential is high (e.g., 80 mv.), one equivalent K+ appears at 
the epithelial side for each six equivalents of Na+ that move towards the 
corium (high K+ leakage). Such skins approach the situation which prevails 
in nerve, muscle, and red cells in which the metabolically coupled ion move- 
ments are dominated by a K+ = Nat exchange across the cell membrane 
(14, 15, 26, 36, 46, 48). There is some evidence (23, 31) that when the skin 
potential is zero some potassium enters the skin from the solution at 
the epithelial side. 


Under the assumptions made, active Na* transport may be formulated as 
follows: 


RK,,Na, + Tr + K*+ — R’KmyiNan. + Tr’ + Nat 


It is proposed that R changes its ion selectivity in favor of K+ as a result 
of the trigger-carrier reactions: Tr — Tr’ and R — R’. With the regeneration 
of Tr’ into T, which may require energy, R’ is changed back into R. Unidirec- 
tional movement of Nat could be achieved by rotation of the carrier (4), ex- 
posing its R form toward the epithelial side and its R’ form toward the corium 
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side of the skin; or one may assume a reversible folding and unfolding of the 
carrier which is part of a diffusion barrier for free Na* ions (11).! 

3. Metabolic Pathways.—The results obtained with various enzyme inhib 
tors (Tables IT to V) strongly suggest that there are in frog skin at least two 
distinct, possibly spatially separated, metabolic pathways in operation that 
regulate Na*+ and K+ metabolism of the epithelial cells. One pathway, 4 
sensitive to fluoroacetate and to relatively low concentrations of diethy| ml 
onate and azide, seems to be directly related to active Na* transport ACToss 
the skin. Pathway A possibly supplies the energy for the coupled trigger. 
carrier reactions Tr’ — Tr and R’ — R (active transport metabolism), Ap. 
other pathway, B, insensitive to fluoroacetate and sensitive to other inhibitors 
only when given in relatively high concentrations, seems to be more indirectly 
involved in active Na* transport. Pathway B possibly controls reactions upon 
which the structure of the carrier R or RK,,Na, depends (maintenance elec. 
trolyte metabolism). 

Since only pathway A is sensitive to fluoroacetate, it seems reasonable to 
conclude that the citric acid cycle is a part of A. On the other hand, insensi- 
tivity of pathway B to fluoroacetate does not mean that the citric acid cycle 
is not a part of B. Ineffectiveness of fluoroacetate may be explained in several 
ways. The inhibitor may not be able to enter the compartment in which path- 
way B is established; or fluoroacetic acid may not be converted into a fluoro- 
tricarboxylic acid which appears to be the blocking agent of the citric acid 
cycle (for references see 1, 2, 29); or a substrate-fluoroacetate competitive 
reaction may prevent the inhibition from becoming effective; therefore, rather 
than to implicate an oxidative pathway of which the citric acid cycle is not a 
part, it is assumed that maintenance electrolyte metabolism also depends on 
this cycle. This is supported by the observation that diethyl malonate can 
block both active transport metabolism and maintenance electrolyte metabo- 
lism. 

4. Inhibition of Active Na*+ Transport.—From studies reported on in this 
paper and in two previous publications (21, 24), it would appear that a dis- 
tinction should be made between specific and unspecific inhibition. In specific 
inhibition, active Nat transport is depressed, but maintenance electrolyte 
equilibrium is unchanged. This may be taken to mean that in specific inhibi- 
tion the trigger metabolism is partially or totally blocked. In unspecific inhi- 
bition, active Nat transport is depressed, and this is associated with a change 
in the maintenance electrolyte equilibrium of the skin (gain of Na* and loss 
of K+). This is seen either when inhibitors (except fluoroacetate) are given in 
relatively high concentrations or when K* ions are lacking in the environment. 


1 Upon completion of the manuscript two abstracts dealing with mechanisms of ion 


transport appeared in the literature which support the views presented here. (These 
were by Ling, G., Fed. Proc., 1957, 16, 81 and Patlak, C. S., Fed. Proc., 1957, 16, 98.) 
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The question arises whether unspecific inhibition, resulting from poisoning 
the skin, is or is not caused by the changes in maintenance electrolyte equilib- 
rium. More likely than not some inhibition is caused by the change in main- 
tenance electrolyte equilibrium per se and not only because of blockade of 
metabolic pathways. Support for this comes from the observations on skins 
in K+-deficient NaCl solutions. It was found (21, 24) that K* deficiency leads 
to diminished rate of net NaCl transport, diminished skin potential, loss of 
K+ from and gain of Nat by the skin. Even severe K* depletion of the skin, 
however, had no significant effect on the over-all rate of O2 consumption (see 
section 7 under Results). It may be surmised from this that the make-up of 
the hypothetical complex, RK,,Na, , is a factor governing the rate of K+ = 
Nat exchange and, hence, the rate of active Na* transport. 

5. Stimulation of Net NaCl Transport.—Linderholm (10, 33) studied the 
effects of mersalyl (1 X 10~ m/liter) and aminophylline (2 X 10-* m/liter, 
80 per cent anhydrous theophylline) on the electrochemical properties of frog 
skin. He concluded that both drugs increase the permeability of skin. He fur- 
thermore states that mersalyl decreases, aminophylline increases the ability 
of a carrier to transport Nat ions. Inhibition of active Na* transport, associ- 
ated with loss of K+ from the skin, was described by Levinsky and Sawyer 
(32) who used 5 X 10~* m/liter theophylline solutions. Stimulatory effects on 
0; uptake by mersalyl (33) and by theophylline (32, 33) were also reported. 
Our results (Tables IV and V) are essentially in agreement with those men- 
tioned above. In addition, however, stimulatory effects on net NaCl and H,O 
transport were seen with small doses of mersalyl (1 X 10~* m/liter). The in- 
teresting observation in connection with actions of these drugs is their stimu- 
latory effect on net rate of NaCl and H,0O transport. Several factors, singly or 
in combination, may account for this, increase in water permeability, increase 
in anion permeability, effect of the drugs on the structure of the carrier, spe- 
cific stimulation of the Na*-transporting reaction. Further work is required 
to clarify these points. 

6. NaCl Transport and Oxygen Consumption.—Inhibition of net NaCl 
transport was found accompanied by decrease, increase, and unaltered O, 
consumption (Tables I and II). In view of this, an attempt to calcu- 
late Na/Oz ratios from measurement of degrees of inhibition of net NaCl 
transport and total O2 consumption would be unreasonable. Exception to this 
may perhaps be made for the results obtained with fluoroacetate because of 
its specific action on the mechanism of active Na* transport. 

By using the data on hand, Na/O: values shown in Table VI were obtained. 
“Coulomb efficiencies” (35) are entered in the fourth column. By direct bio- 
coulometry, coulomb efficiencies of 30 to 80 per cent were obtained by other 
investigators (33, 35). Na/Os ratios as high as 20 were recently reported by 
Zerahn (53) and by Leaf and Renshaw (30). 
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Measurements of Na/O: ratios are often considered a test for the validity 
of Conway’s redox theory of active cation transport (3). This theory predicts 
a maximal Na/O: ratio of 4. Davies and Ogston (5) have suggested a mecha. 
nism of active cation transport that implicates a redox reaction and also q 
phosphorylation of a carrier. In their view, Na/O: ratios as high as 12 are 
predictable. By pointing again to the well established fact that K+ ion mus 
be present to maintain active Na* transport in frog skin, the problem of the 
efficiency of the Na*-transporting mechanism, in terms of Na/O; ratios, may 
be looked upon as follows:— , 


1. 4M?*K,,Na, (— 40) + 2H:0 + “O”K* O. + — 4M**OH-K,,Na, + “O” Nat 
2. 4M**K,,Na, (— 40) + 2H:O0 + 4K*+ + 0. — 4M*OH-Ky:Nan_, + 4Na* 
3. 4M?*K,,Na, (— 40) + 2H2O + 8K*+ + O: — 4M*OH-Kw42Nan-2 + 8Na* 
4. 4M**K,,Na, (— 40) + 2H,O + 12K+ + O: > 4M*OH-K,,,,Na,_; + 12Na* 


Nat transport is interpreted as an exchange adsorption reaction 
involving a redox carrier. No Na* transport occurs in the absence of K* ion 


TABLE VI 


Coulomb Efficiencies, Calculated from Total Cl- (Na*) Transport and Total Oz Consumption 
Minimal Na/O> Ratios, Calculated from Inhibition Studies with Fluoroacelate — 


l l 
A Nat, trans- | | 
Total Na* Q Con. | Inhibitor | port control AQ, | ANa 
transport in | , O2 Is | effici- | Concentra- | minus ex- | control minus experi- | —— 
controls in controls | eneies tion perimental | mental value AO: 





value | 


wey ty pl. uM per cent} m/liter | we LSA | pl. uM 
81 X 10°* | 0.50 | 22.3 x 10-4| 91 ® 10-4) 27 x 10°* (0.07*| 3.1 10-4 8.7 
62 X 107 | 0.56 | 25.0 x 10-4) 62 1x 10° 33 x 10 |0.23*| 10.3 x 10% 3.2 


94 X 10 | 0.79 | 35.3 X 10) 67. | 1 x 10% 62 x 10° [0.41*| 18.3 x 107 3.4 





| 
| 








*P < 0,005. 


although the rate of O2 consumption is maintained at normal level (reaction 
1; loss of K+ from and gain of Na+ by M has been disregarded). Na/O: ratios 
of 4, 8, or 12 can be explained on the basis that 1, 2, or 3 K* ions per elec- 
tron removed from the carrier are exchanged for an equal number of Na* ions 
(reactions 2 to 4). When more than one K* ion per electron removed partici- 
pates in the reaction, the carrier functions as a chemical amplifier with re- 
spect to Nat output. From the results with fluoroacetate, it appears as if 
reactions 2 and 3 would apply. It seems probable, however, that the Na/0: 
ratios obtained are minimal as well as average values because of the possible 
involvement of a variety of MK,,Na, complexes with varying m’s and n’s (see 
also Kirschner (27) ). The suggested reactions point to K* ion, free in solution 
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and bound to the carrier, as a factor determining the efficiency of the Nat- 
transporting mechanism. The high Na/O; ratios which have been found by 
several investigators using short-circuited skin (30, 53) may, in part, be the 
result of abolishment of leakage of K+ from the skin into the solution at the 
epithelial side (see section 2 under Discussion). Experiments are in progress 
in our laboratory to test this. It should be noted that with the potassium cycle 
in operation, the over-all reactions, 2 to 4 (and similar reactions), are con- 
sistent with the important finding by Ussing and Zerahn (51) that the total 
current that can be drawn from skin is a sodium current. 

The data presented in Table VI are unsuitable for deciding the question as 
to whether or not the carrier functions as a redox system on which Na* trans- 
port is directly dependent. On the other hand, the fact that Na/O: ratios > 
4 were found here and by others (30, 53) cannot serve as a strong argument 
against direct implication of a redox mechanism in active Nat transport. In a 
modified form, such as suggested above, Conway’s theory of active cation 
transport may be valid in frog skin. Emphasis is often given to the fact that 
2,4.DNP, an agent that uncouples oxidation from phosphorylation, inhibits 
active Na* transport while it stimulates rate of O2 consumption. We have 
been unable, so far, to find a concentration for DNP that would inhibit active 
Na+ transport without leading also to increase of the [Na*]/[K*] ratio for 
skin. The question of the specificity of action of DNP, therefore, is still open. 

A Na* transport reaction with direct involvement of ATP may be written 
as follows:— 


RK,Na, + ATP + 2K* — R’Kmi2Nan_2 + ADP + 2Nat 


For a P/O ratio of 4, the efficiency of Na*-transporting mechanism, in 
terms of the Na/Oz ratio, could be 16. 

Metabolic Functions of K+ in Active Sodium Transport.—It is known that 
the conversion of phospho-enol-pyruvate into pyruvate depends on the pres- 
ence of K* ions. This fact has raised the question whether diminished rate of 
active ion transport seen in K+-depleted skins may be the result of insufficient 
pyruvate formation. Experiments have shown, however, that Na pyruvate, 
or Na acetate, or ethyl acetate, when added to K+-deficient NaCl solutions to 
yield substrate concentrations of 1 X 10~ molar, completely failed to increase 
the rate of net NaCl transport above values obtained from control skins which 
were kept in K+-deficient NaCl solutions without substrates. The inability of 
these substrates to increase the rate of net NaCl transport cannot be ex- 
plained on the basis of impermeability of the epithelial cells for the substrates. 
It has been shown that pyruvic acid is able to increase both O» uptake (20) 
and net rate of NaCl transport (19) in skins poisoned with iodoacetate. The 
substrates failed also to prevent net loss of K+ from and net gain of Na+ by 
the skin which is so typical for skins in K-deficient salt solution. It will be 
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recalled (see section 7 under Results) that about two-thirds of the potassium 
of skin can be lost without significantly changing the Qo, . These observations 
are consistent with the view expressed in Fig. 4 that the main function of K+ 
in active Na* transport may be seen in its availability for Participation in 
K+ = Nat exchange. 
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ABSTRACT 


Hubbard has found that the photoisomerization of retinene was important for the 
regeneration of rhodopsin in vitro, and the object of the present investigation was to 
{nd whether this was also true for regeneration in the living human eye. 

In the Appendix is described a device which permits the rhodopsin density to be 
measured by analysing the light reflected from the fundus oculi in an ophthalmoscopic 
arrangement, the measurement taking about 5 seconds. Now if a blue and a yellow 
light viewed scotopically are adjusted in intensity so as to appear identical, they 
must bleach rhodopsin equally, but the blue will be more than 10 times as effective 
in isomerizing retinene. Therefore if retinene isomerization is important for rhodop- 
sin regeneration, blue light should cause a more rapid regeneration after bleaching, 
and during bleaching the equilibrium level attained should be less profound. But, as 
the figures show, the course of bleaching and regeneration is identical for the matched 
yellow or blue bleaching lights, therefore isomerization of retinene is not important 
for rhodopsin regeneration in the living human eye. 


The ancient problem of the regeneration of rhodopsin was seen in a new 
light when Hubbard and Wald (1952-53) discovered the importance of the 
particular isomer of retinene involved. When rhodopsin is bleached, the reti- 
nene liberated is the all-trans form, but for regeneration to be effective a cis- 
isomer (named neo-retinene 6) is required. If, therefore, the retinene liberated 
upon bleaching is to be used again it needs to be isomerized. Now the work of 
Bliss (1951), Hubbard and Wald (1951), and Collins, Green, and Morton (1953, 
1954) shows that the retinene from bleached rhodopsin can be synthesised to 
form new rhodopsin but that a water-soluble factor extracted from the retina or 
pigment epithelium is necessary. The possibility that the water-soluble factor 
contains an isomerizing enzyme was investigated by Hubbard, and in a recent 
paper (1956) she has shown that “retinene isomerase” is in fact present and she 
has described its preparation and principal characteristics when acting in a 
simple system in which all the reagents are precisely specified. 

In the dark, the enzyme is not very effective in generating the required 
neo-b isomer, for the equilibrium proportions turn out to be 95 per cent all- 
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trans and only 5 per cent neo-b. If, however, the retinene-enzyme complex js 
irradiated, the equilibrium shifts to 32 per cent of neo-b. In the system Stud- 
ied, then, irradiation has a very important effect upon the yield of the re. 
quired isomer, and hence of rhodopsin, and the question naturally arises 
whether in the living eye the light which bleaches also enhances the rate of 
regeneration. 

Hubbard studied in viiro the conditions under which irradiation was effe. 
tive. Pure all-trans retinene + enzyme irradiated together were effective, byt 
not if they were irradiated separately and then mixed. Neither was it any use 
to irradiate all-trans vitamin A, nor the early products of rhodopsin bleaching. 

This last was established by bleaching rhodopsin rapidly with an intense 
light, and then irradiating the photoproducts in the presence of enzyme at 
various intervals. Retinene is the end-product of a series of reactions, it js 
not formed for some minutes (im vitro at room temperature) and the reaction 
is still incomplete after 20 minutes. Hubbard found that the efficacy of irradi- 
ation went hand in hand with the quantity of retinene present during the ir. 
radiation period. 

In her careful discussion of photoisomerization in the living eye (1956, p. 
956) she points out that two factors mediate against it: (a) retinene can only 
be isomerized by light of short wave lengths and these are poorly transmitted 
to the retina, (6) there is very little retinene in the eye im vivo because, when 
released upon bleaching, it is rapidly reduced to vitamin A. 

Lewis (1957) in experiments upon the anaesthetised rat has studied this 
question independently and deduced that the rate of regeneration which goes 
on during bleaching is the same as the regeneration rate in the dark. Thus in 
these experiments it appears that prolonged bleaching with blue or green light 
does not accelerate regeneration in the rat. Does it do so in man? 


Plan of the Experiment 


The present work was undertaken to try to settle the question whether in 
the human eye irradiation of relinene has an appreciable effect upon the rate 
of regeneration. 

The rhodopsin density of a small region of retina 15° temporal from the 
fovea, where the rhodopsin density is greatest (Campbell and Rushton, 1955), 
was measured by the method of ophthalmoscopic densitometry (see Ap- 
pendix). 

Two lights, one yellow and the other blue, were matched by scotopic vision 
and their intensities adjusted so that they appeared identical. The subject 
himself made this match using peripheral vision, so that for him the two lights 
were adjusted to produce equal bleaching of rhodopsin. But though equally 
absorbed by rhodopsin they are very unequally absorbed by retinene which 
is over 10 times more strongly affected by the blue than by the yellow. 
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Now if the irradiation of retinene is without effect upon the regeneration of 
thodopsin in v1v0, the time course of bleaching, its equilibrium level, and the 
rate of subsequent regeneration in the dark would be identical whether the 
vellow or the matched blue light was used for bleaching. 

Tf, however, we are to argue back from identity of results to the ineffective- 
ness of photoisomerization, it is important to arrange conditions so as to pro- 
duce and detect as well as possible any irradiation effects which may occur. 

1. The blue light must be strong and must penetrate to the retina. The 
light actually used was sufficient to bleach away about half the rhodopsin, 
and this is a strong light of about 50,000 scotopic trolands (5,000 millilamberts 
viewed with a 2 mm. diameter pupil). 

2. The duration of irradiation must persist long enough to give time for 
the early photoproducts to decompose into retinene and for this in turn to be 
largely reduced to vitamin A so that the blue light has as good a chance as 
possible to be absorbed by the retinene. It was judged that if no change ap- 
peared in 15 minutes, further irradiation was unlikely to produce anything 
striking. And about 25 minutes’ continuous fixation which this experiment 
involves was sufficiently exacting for my student volunteers. 

3. If photoisomerization produces a marked increase in the rate of regenera- 
tion it should appear in two ways. (a) In the dark when the bleaching light 
was extinguished at the end of 15 minutes’ irradiation, the rate of increase in 
rhodopsin density should be greater when blue light had been used. (6) Under 
the steady bleaching light the rhodopsin eventually reaches a level at which 
the rate of bleaching is equal to the rate of regeneration. Since the yellow and 
blue lights were adjusted to have the same bleaching power, they should both 
give identical bleaching curves at first which would fall to about the same 
level. But after retinene is formed, the blue irradiation would increase regen- 
eration and the equilibrium level for blue should lie above that for yellow. 
If the blue light were so strong that the rhodopsin was nearly all bleached 
away, the equilibrium level would remain near zero no matter what the re- 
generation rate. This then would be an insensitive condition for detecting 
any change in regeneration by observing the rhodopsin level. The lights ac- 
tually used came into equilibrium at about 50 per cent bleaching and thus 
combined the advantages of a sensitive level with a strong irradiation. 


Experimental Details 


The apparatus and technique for measuring the rhodopsin density in the human 
eye have been described in detail elsewhere (Rushton, 1956) and a summary is given 
in the Appendix to this paper. A useful addition to the former equipment is a device 
which allows measurements of rhodopsin to be made while bleaching is going on. This 
is accomplished by alternately flickering into the eye the weak measuring light and the 
strong bleaching light, by a device which excludes the bleaching light from the meas- 
uring equipment. 
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The subjects were young male medical students who volunteered and who were 
astonishingly steady. Pupil dilatation and paralysis of lens accommodation were 
secured by a drop of homatropine. Head fixation was obtained by biting upon a dentg| 
impression and steadying with a forehead rest, and eye fixation by a red light in suit. 
able position viewed by reflexion in the ophthalmoscopic mirror. The spot of reting 
selected for bleaching was about 15° temporal to the fovea and upon a line from jt 
inclined some 30° upwards. The rod density here is very high. 

The bleaching light was focussed upon the pupil. When the subject was not there 
the light diverged again rapidly and became greatly attenuated. This weak light 
was received upon a white card at the other side of the room and was faint enough to 
be observed by scotopic vision using large peripheral fields. The subjects were not 
experienced observers but they could make the match correct to an optical density of 
about 0.1 density, and (independently) agreed with each other. 

After half an hour’s dark adaptation the subject took up the correct position in the 
rhodopsinometer (in which he had previously been aligned) and fixated the red light, 
remaining quite still and fixating for the next 25 minutes or so, during which the 
following measurements were made. First the dark-adapted level of rhodopsin was 
ascertained. Then the bleaching light was applied and left shining for the next 15 min- 
utes, flashing about 10 times/second, on for one-fortieth second and off for three- 
fortieths second during which the measuring light was giving its signal. 

At first measurements of rhodopsin level were taken as quickly as possible to plot 
the rapid change in level on bleaching, and here the accuracy is not very good. Soon 
the measurements were taken every 30 seconds and the precision improved. It takes 
about 5 seconds to make a measurement. 

At the end of 15 minutes’ bleaching the light was extinguished and 5 minutes’ 
recovery in the dark was recorded. Finally a bright white light was shone for 1 minute 
and the level found which corresponded to total bleaching. 

After half an hour’s dark adaptation the whole procedure was repeated using the 
other coloured bleaching light. 


RESULTS 


The result of one experiment is shown in Fig. 1A on which the readings of 
wedge settings are entered just as they were obtained in the two runs sep- 
arated by about 1 hour. One could hardly ask for a closer coincidence if the 
experiment were being simply repeated instead of the blue bleach (crosses) 
being followed by a yellow one (circles). 

Now it generally happens that when a subject has left the apparatus for 
half an hour’s dark adaptation, he cannot take up his former position so ex- 
actly but that there is a slight change in the absolute setting of the wedge. 
This shows itself as a “zero error” affecting equally the fully dark-adapted 
readings, the fully bleached readings, and everything between. It is important 
to be able to estimate this, so that when the equilibrium positions in the two 
bleaches appear to be the same, we are not misled by the unsuspected head 
shift. The test that has been applied is to compare for the two experiments 
the initial (fully dark) levels and the final fully bleached levels (after 1 mir- 
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ite’s bleaching by a given white light) and if they differ by the same amount 
‘his amount is taken as the zero error and all the readings correspondingly 
shifted. Applying this to Fig. 1A all the circles should be brought 0.01 lower 
which perhaps slightly improves the coincidence of the two curves. 

It might possibly be argued that the original matching of the blue and yel- 
iow bleaching lights had not been exact and that the blue was in fact the 
stronger. In that case the similarity of the equilibrium levels in the two curves 
of Fig. 1 would mean that the blue light was also promoting faster regenera- 
tion. It is not likely that the match was substantially wrong, for independent 
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Fic. 1A. Time course of bleaching by yellow light (circles) or blue (crosses), fol- 
lowed by 5 minutes in the dark and final density after 1 minute of bright white 
bleaching. 

Fic. 1B. Bleaching light changed from blue to yellow after 10 minutes (crosses to 
circles). Repeat experiment with change from yellow to blue (circles to crosses). 





observers agreed upon it, but the matter may be checked by changing the 
bleaching light from yellow to the “matched” blue (or vice versa) after 10 
minutes of bleaching as shown in Fig. 1B. Upon changing from the supposed 
stronger blue bleach associated with stronger regeneration (crosses) to the 
yellow bleach (circles) we should expect some increase in rhodopsin density 
since the bleaching would now be less but the effect of previous isomerization 
would persist. Conversely the change from yellow to blue would depress the 
thodopsin level. It is clear from Fig. 1B that this view is not supported and if 
anything the change runs in the reverse sense suggesting that yellow is slightly 
the stronger bleaching light. 

The abnormal readings at 6 to 7 minutes (circles) were said to be associated 
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with a profuse secretion of tears. The subject’s coat was conspicuously wetted 
but I do not know when this happened. Such lacrimation is unusual. 

Fig. 2 gives three pairs of curves similar to those of Fig. 1A to show the sort 
of correspondence which is obtained with good subjects. About half the sub- 
jects gave scattered results and the wildest could be seen to be restless and to 
move their heads. These results were rejected. But all results including the 
scattered ones have been scrutinized for signs of isomerization by blue light 
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Fic. 2. Three experiments similar to Fig. 1A corrected for “‘zero error.” Each pair 
of curves given a suitable vertical displacement for clarity. 





The conclusion reached is that no effect upon regeneration can be seen, and 
the more reliable the record, the more surely is the effect excluded. 


DISCUSSION 


From the results of Lewis (1957) and those of the present paper, it appears 
that Hubbard was well justified in her caution regarding the immediate effect 
of the blue radiation of retinene upon the regeneration of rhodopsin in vito 
If the effect is as small as it appears to be from the foregoing experiments it 
is unlikely to be conspicuous in any normal circumstance. This, of course, is 
no denial that blue radiation isomerizes retinene, but there are two possible 
conditions in which such an action would not result in the acceleration of 
rhodopsin resynthesis. 
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if the stores of the neo-b isomer of vitamin A in and behind the retina were 
large and readily available, then resynthesis of rhodopsin might be derived 
rae from the stock of precursor, and be nearly independent of isomeriza- 
‘ion until this stock was depleted. 

It is unlikely, however, that this in fact is the state of affairs. No one has 
yet made the necessary measurements upon human eyes, but in cattle both 
Professor Morton and Professor Wald have informed me that the store of 
seo-) vitamin is not more than the order of a single replacement of rhodopsin. 
Now from Fig. 1A it is seen that the initial rate of bleaching is such as to re- 
duce the density to zero in 2 minutes. When, however, the bleaching has 
reached the equilibrium level, only half the initial density is present, thus the 
bleaching rate will also be only half the initial value, and thus there will be a 
complete turnover of the rhodopsin every 4 minutes. Regeneration exactly 
keeps pace, so in the 15 minutes of bleaching in Fig. 1A the amount of rhodop- 
sin removed and replaced in the exposed area was about 4 times its full con- 
tent. Since the preformed stock of neo-b appears to be inadequate for this 
replenishment there must have been substantial isomerization from the all- 
trans product. 

This is just the reaction which in her very simplified system Hubbard found 
to require retinene irradiation. In the living human eye, however, it proceeds 
without retinene irradiation and is not improved by blue light. That irradia- 
tion is without effect is probably due to the short life of retinene in vivo; for, 
as Hubbard pointed out, there would be little time for light to act before reti- 
nene was reduced to vitamin A. That isomerization can occur in vivo without 
irradiation points to the oversimplification of Hubbard’s system as compared 
with that of Collins, Green, and Morton (1954). They found that homogenized 
retinas from cattle mixed with all-trans vitamin A and phosphate buffer would 
regenerate rhodopsin substantially and at a fair rate without irradiation. It 
seems that the human eye must contain some such mechanism and perhaps 
the chief value of the present paper is to emphasise the importance of study- 
ing it further. 

For when it is clear that regeneration in vivo does not specially depend upon 
blue light, attention is naturally directed to the nature of that isomerization 
which can occur rapidly and in the dark. 


APPENDIX 
Retinal Densitometry 


When the fundus oculi is observed in an ophthalmoscope, the pigment epithelium 
is seen by light which has passed twice through the retina, and has therefore suffered 
absorption by the rhodopsin of the rods. Now exposure to strong light will bleach 
thodopsin away and hence in this condition the light reflected from the fundus will 
emerge brighter. By receiving the light upon a photomultiplier tube and noting the 
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increase in brightness after bleaching, the density change of rhodopsin can be men. 
ured. The difficulties are as follows:— 

The fundus is very black, so that only about 1/20,000 of the light incident upon the 
cornea is reflected into the photocell. The incident light cannot be very Powerful or it 
will bleach away the rhodopsin in attempting to measure it, and with such a feeble 
signal it is easy for stray light to enter and mask entirely the change to be measured 
Moreover there are many factors besides changes in rhodopsin density which can 
alter the magnitude of signal from the photocell, and unless these have been er 
cluded, rhodopsin density cannot be measured in this way. 

Most of the unwanted factors affecting the photocell output operate equally upon 
green and red light, so they will not change the ratio of the output green/red. This 
ratio will be nearly independent of small fluctuations in brightness of the light source 
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Fic. 3. Optical arrangement used in retinal densitometry. 


(supplying both colours), of changes in sensitivity of the photocell and amplifying 
equipment, and of small eye movements. On the other hand the green/red ratio will 
be very sensitive to the density of rhodopsin which absorbs green but not red. Fig. 3 
indicates how this ratio is directly measured. 

The green and red lights issue from the exit slit E of a large double monochroma- 
tor designed by Stiles (1955). In the median plane QQ of this instrument a large 
spectrum is formed, which is stopped by a screen in which there are two slits, one 
admitting red light and one green. A “vertical” polaroid P;, is in front of the red slit 
and a “horizontal” one P; in front of the green. So when the additional polaroid ?» 
(mounted in a ball race at the inlet slit J) is rotated at p radians per second, the light 


emerging from E flickers between red and green. The signal from the photocell is 
therefore a “sine wave” of form 


r sin? pt + g cos? pi --- I 


in which r, g are the contributions to the signals from the red and green lights respec- 
tively, and ¢ is time in seconds. 





W. A. H. RUSHTON 427 


In the path of the red beam there is a photometric wedge W by means of which 
the intensity of light may be adjusted, thereby altering the value of r in expression 
}), When r is made equal to g, (1) becomes 


g(sin® pt + cos? pl) = g 


and the A.c. output from the photo is zero. 

The wedge setting for this zero position is just the measure we need, for the null 
point is unaffected by fluctuations of light source or of signal sensitivity, but any 
bleaching of rhodopsin will cause an A.C. output which will only be restored to zero 
py a wedge shift which removes as much density from the red path as rhodopsin 
density was removed from the green. This then is the way to measure rhodopsin 
iensity and these are the ordinates in the figures of the present paper. 

The determination of the zero in the presence of inevitable “noise” is very greatly 
improved by using a phase-sensitive rectifier which will reject all components of the 
noisy signal which have not the exact frequency and approximate phase of the true 
signal. 

Light from the exit slit Z was focussed by Z; upon A and this by Zz: upon the 
cornea at B. At A the light could be cut off by mirrors mounted upon the shaft of a 
velodyne motor V like the sails of a windmill. At the same moment the mirror inter- 
cepted a light from a straight filament car headlamp S; . The filament S3 was focussed 
by Ig upon A to coincide with the image of E, so as V rotated the faint measuring 
light from E was replaced periodically by a strong bleaching light from S; adjusted 
for colour and intensity by suitable filters F. It was important that the bleaching 
flashes should not upset the even zero of the green/red measuring signal. Upon the 
axis of the velodyne were mounted two commutators with contacts suitably phased. 
One closed an electromagnetic shutter C excluding light from the photocell during 
the bleaching fraction of the cycle. The other short-circuited the signal during (and 
beyond) this period. 

The ophthalmoscopic mirror M, placed at 45° in front of the subject’s dilated pupil 
covered half of it. Thus half the light reflected from the fundus and leaving through 
the pupil was received upon ZL, and an image of the retina could be seen at R in its 
focal plane (for normal eyes). An iris diaphragm R in the image plane was stopped 
down to admit about half the 5° circle of retina illuminated, and the electric shutter C 
closed this aperture during the bleaching flashes. The retina could be observed di- 
rectly from D; alternatively by interposing the mirror M;, the signal was thrown 
upon the large surface photocathode of the Electrical and Musical Industries 11-stage 
photomultiplier tube 7. The steady performance of this equipment may be appre- 
ciated from Figs. 1 and 2. 
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ABSTRACT 


A characterization was attempted of the mechanisms involved in the tubular 
transport of inorganic divalent ions by the aglomerular kidney of Lophius, attention 
being paid particularly to the possible existence of transport maxima (7m) and to 
competition for transport among related substances undergoing tubular excretion. 
Excretory rates of divalent ions in non-treated fish during standard laboratory con- 
ditions paralleled spontaneous changes in urine flow. Jm rates of excretion were 
reached for magnesium, sulfate, and thiosulfate with corresponding plasma levels of 
2 to 5, 5 to 17, and 4 to 12 um/ml. respectively. Elevation of magnesium chloride 
levels in plasma markedly depressed calcium excretion; sodium thiosulfate similarly 
depressed sulfate excretion. Experimental observations suggest the existence of a 
transport system for divalent cations separate from another for divalent anions. 
Within each transport system the ion with the higher excretion rate depressed com- 
petitively transfer of the other ion. Neither system was influenced by probenecid 
(benemid) in doses which markedly depressed the simultaneous excretion rate of 
p-aminohippuric acid. 


Background information for this study on divalent ion transport in Lophius 
was provided in an earlier paper which presented the complete pattern of elec- 
trolyte distribution in plasma and urine (9). Samples were taken both from 
freshly captured Lophii and from fish maintained in the laboratory during the 
course of the progressive diuresis which is exhibited spontaneously by this and 
other marine teleosts in captivity. The most important excretory function of 
aglomerular renal tubules appears to be the active elimination of inorganic 
divalent ions taken up in plasma consequent to the ingestion of sea water, a 
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feature of the water conservation mechanism in marine teleosts (19, 13, 7). Uni. 
valent ions, which are also absorbed from the strongly hypertonic sea water in 
the intestine, are selectively eliminated by secretory activities of the gills. The 
renal tubule actually acts as a barrier to the free diffusion of the univalent 
ions, or at most plays only a passive role in their elimination. Residual bladder 
urine taken from fish at the time of capture is frequently essentially chloride. 
free, and the concentrations of sodium and potassium in urine are always sig- 
nificantly lower than simultaneous plasma concentrations. During “laboratory 
diuresis,” however, chloride appears in urine in which it effectively balances 
the principal cation, magnesium, which is transported into urine in increasing 
amounts as the progressive diuresis runs its course (7, 9). 

In the current study attempts are made to characterize those secretory mech- 
anisms involved in the transport of divalent ions by the aglomerular tubule, 
especially with respect to transfer maxima, competition for transport, and the 
actions of specific transport inhibitors. 


Methods 


Lophii were captured by otter trawlnet from waters south of Mount Desert Island, 
at a depth of 60 to 100 meters. Some specimens were taken by divers in 3 to 6 meters 
of water at Aldersea, Bar Harbor. In the laboratory, fish were kept individually in 
tubs supplied with running sea water. Blood samples were taken from the tail vessels 
by syringe containing heparin as anticoagulant. Injections were given intravenously 
or intramuscularly. Urine samples were obtained from an indwelling polyethylene 


catheter inserted through the urinary papilla into the bladder. 

Inorganic sulfate was determined according to the method of Power and Wake- 
field (16), and thiosulfate, when present, was oxidized to tetrathionate with iodine 
before analysis of the sulfate ion. Thiosulfate in urine was determined by the iodine 
method, and in plasma by the iodate method according to Gilman et al. (11). Calcium 
plus magnesium in plasma and urine was determined by titration with ethylenedi- 
aminetetraacetate (EDTA) using Eriochrome Schwartz as an indicator. Magnesium 
in urine was determined by the same procedure after precipitation of calcium with 
ammonium oxalate, and calcium values obtained by the difference. The method is 
almost identical with that of Friedman and Rubin (10). In plasma, and in urines 
with less than 10 um calcium per ml., calcium was determined directly by the method 
of Rehell (17), and magnesium obtained by difference. Total amino nitrogen was 
determined by the ninhydrin method of Troll and Cannan (21). p-Aminohippurate was 
determined by the method of Bratton and Marshall as modified by Smith et al. (20). 


RESULTS 


Fig. 1 shows characteristic changes in urine flow and excretion rates for the 
divalent ions—SO,, Mg, and Ca—during spontaneous “laboratory diuresis” 
in one fish during the first 70 hours after capture. Plasma and urine concentra- 
tions of these ions are also indicated. In this specimen a progressive increase 
occurred in the excretion of divalent ions which was associated with paralle 
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increases in urine volume, so urinary concentrations of these ions remained 
fairly constant. Frequently, however, both diuresis and excretion of divalent 
ions levelled off after approximately 24 hours, and the plasma concentrations of 
magnesium and sulfate then sometimes rose as high as three times the initial 
values. 
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Fic. 1. Direct relationship between urine flow and the excretion of divalent ions 

during spontaneous “laboratory diuresis.” Lophius 5. Weight 6.8 kg. Urine flow and 

excretion of divalent ions are indicated by bar grams, urine concentrations of di- 


Valent ions by lines, initial and final plasma concentrations in micromols per milli- 
liter by numbers. 














In the following studies, fish after collection were brought to the laboratory 
before any samples were taken. Zero time in Figs. 2 to 7 therefore corresponds 
to 2 to 10 hours after capture. Control collections were made for an additional 
‘ to 20 hours and then various salts of divalent ions were given intravenously. 
The total amounts administered to each fish varied between 3 and 14 mm per 
kg. body weight. The qualitative responses were similar over this dose range, 
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and the doses were non-lethal. Each millimol of injected divalent ion per kilo 
body weight produced an increase in plasma concentration of approximately 
1 um/ml. for calcium, magnesium, or thiosulfate, and 2 uam/ml. for sulfate 

In two fish calcium chloride was injected intravenously at intervals to ele. 
vate calcium plasma concentrations. Marked increases in urinary calcium 





Lophius No.80 


iv. CaCls 





Urine conc.(uM/ ml) 
“ 





AM/Kg/Hr 50 


Plasma conc. (wh/ ml) 





20 


OUTPUT Urine conc.(uM/ ml) 
yM/Kg/Hr 10 




















10 20 30 
HOURS 


Fic. 2. Effect of elevated plasma calcium levels on urine flow, calcium and mag- 


nesium excretion. Lophius 80. Weight 7 kg. 27 mm CaCl, intravenously at arrow. 
Symbols as in Fig. 1. 


concentration as well as total excretion occurred in spite of diminished urine 
flows. In Lophius 80 (Fig. 2) a maximum rate of secretion apparently was 
reached at a plasma level of 5 um/ml., but in the other fish such a maximum 
rate was not demonstrated. Plasma concentrations and urinary excretion of 
magnesium were depressed in both fish, but the concentration of magnesium in 
urine remained practically unchanged. 
Intravenous injections of magnesium chloride in three Lophii raised urine 
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flow and increased the excretion of magnesium in spite of a slight lowering of its 
urinary concentration (Fig. 3). With plasma concentration falling from 5.2 
to 1.9 ua/ml., magnesium excretion remained relatively constant; evidently a 
maximum rate of secretion (7m) prevailed over this range of plasma magnesium 
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Fic. 3. Effect of elevated plasma magnesium levels on urine flow, calcium and 
magnesium excretion. Lophius 77. Weight 7.3 kg. 20 mm MgCl; intravenously at 
arrow. Symbols as in Fig. 1. 





concentrations. Magnesium chloride administration also produced a marked 
depression of calcium excretion. In the two fish in which plasma magnesium 
concentrations were measured, calcium excretion varied inversely with plasma 
magnesium concentrations. 

Two fish were injected intravenously with sodium sulfate at various intervals 
(Fig. 4). Only in one, No. 66, did this produce a significant rise in urinary con- 
centration and excretion of sulfate. This fish had a low plasma concentration 
of sulfate during the control periods. In both fish sulfate excretion remained 
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fairly constant when plasma concentrations exceeded 5 um/ml., thereby sug. 
gesting a secretory transfer maximum for sulfate reached at some plasma level 
below this value. 

In three Lophii, sodium thiosulfate was injected intravenously (e.g. Fig. 5), 
It is evident that thiosulfate is actively secreted by the aglomerular kidney, 
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Fic. 4. Effect of elevated plasma sulfate levels on urine flow and sulfate excretion. 
Left, Lophius 48. Weight 3.5 kg. 7 mm (first arrow) and 14 mm (second arrow) Na;S0, 
intravenously. Right, Lophius 66. Weight 5.8 kg. 6 mm NasSO, intravenously at 
each arrow. Symbols as in Fig. 1. 


Thiosulfate excretion remained constant, evidently at maximal levels, when 
plasma concentrations varied from 4 to 12 um/ml. The simultaneous urine: 
plasma concentration ratios for thiosulfate were 2 to 5 times as high as for 
sulfate, indicating that thiosulfate is secreted more actively than sulfate. 

The simultaneous presence of thiosulfate inhibited sulfate excretion. The 
depression was so marked that sometimes with thiosulfate present the concen- 
tration of sulfate in urine was lower than in plasma. These observations, to- 
gether with earlier studies on active resorption of these anions in the dog (1), 
indicate the existence of a common transfer mechanism subject to mutual 
inhibition. 

After injection of sodium sulfate or thiosulfate, a diuresis was produced only 
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in one fish. In this specimen the plasma sulfate concentration was below 5 
uu/ml. before injection, but was above this value in all others. Evidently maxi- 
mum excretion of divalent anions was already present in these fish, and in- 
jections of sulfate or thiosulfate did not further raise the excreted osmotic load 
or urine flow. 
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Fic. 5. Excretion of thiosulfate, marked depression of sulfate excretion after in- 
jection of sodium thiosulfate. Lophius 67. Weight 5 kg. 16 mm Na2S,O; intravenously 
at each arrow. Symbols as in Fig. 1. 


In two fish glycine was injected intravenously to test whether amino acids 
depress the renal tubular transport of sulfate in Lophius as they do the reab- 
sorption of sulfate in the dog (2). There was no consistent change in urinary 
sulfate concentration or excretion coincident with elevated glycine values in 
plasma (Fig. 6). Subsequent to glycine injections, amino-N concentrations in 
the urines were slightly higher than in corresponding plasma samples. This, 
however, hardly signifies active secretion of amino acids, as the blood samples 
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were obtained at the end of each urine collection, and the plasma concentration 
was continuously falling in both fish. 

Independence between the divalent cation and anion transport mechanisms 
was demonstrated in experiments on three fish injected with magnesium chlo. 
ride, which showed that when plasma magnesium concentrations were raised 
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Fic. 6. Lack of effect of glycine on sulfate excretion. Left, Lophius 81. Weight 7 
kg. Right, Lophius 83. Weight 2.7 kg. 80 ma glycine intramuscularly + 27 mw glycine 
intravenously at arrows. Symbols as in Fig. 1. 


as high as twice control levels there was no evidence of competition with sulfate 
excretion. Although the urinary concentrations of sulfate dropped between 8 
and 26 per cent, the total excretion rate at the same time increased between 30 
and 57 per cent. The changes were ascribed to increased urine flow produced 
by the magnesium chloride, rather than to any direct interrelationship between 
the magnesium and the sulfate transfer mechanisms. Furthermore, a three- 
fold increase in the plasma level of sulfate produced no consistent changes in 
either the urine concentration or excretion of magnesium. 

Probenecid (benemid) previously has been shown to inhibit the tubular 
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secretion of penicillin, p-aminohippuric acid, phenol red, and other organic 
acids (3). It also inhibits the tubular secretion of urea by the frog (8). As seen 
from Fig. 7, a dose of probenecid, sufficient to depress PAH secretion by 75 
per cent, had no significant effect on the excretion of magnesium and sulfate in 
Lophius. 
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Fic. 7. Lack of effect of probenecid on excretion of inorganic ions, in dose sup- 
pressing PAH transport. Lophius 46. Weight 3.6 kg. Pretreatment, 9 mm PAH intra- 
muscularly 15 hours before experiment. Probenecid 0.1 gm. intravenously + 0.1 
gm. intramuscularly at arrow. Symbols as in Fig. 1. 


Carinamide, which inhibits tubular secretion of thiosulfate in mammalian 
kidneys (Bucht, H., Scand. J. Clin. Lab. Inv., 1949, 1, 270), depressed sulfate 
excretion 60 and 67 per cent respectively in two Lophii, and depressed thio- 
sulfate excretion 29 per cent in another Lophius. There was no effect on the 
excretion of magnesium + calcium. 


DISCUSSION 


Maximal tubular secretory rates have been demonstrated previously for 
phenol red in Lophius (18) and for many additional actively transported com- 
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pounds among other vertebrates (19). In our experiments, maximal secretory 
rates were exhibited for sulfate, with plasma concentrations varying between 
5 and 17 um/ml., for thiosulfate, with plasma concentrations between 4 and 
12 ym,ml., and for magnesium, with plasma concentrations between 2 and 5 
ua /ml. A secretory 7'm for calcium could, however, not be consistently demon. 
strated. The pharmacodynamic effects of calcium ions, reflected in depression 
of urine flow after injection of calcium chloride, and the dominance of the 
simultaneous secretion of magnesium, are two factors which might explain our 
failure to demonstrate a 7m for calcium. 

The competition studies yield some information concerning specificity of the 
tubular transfer systems. Magnesium and calcium appear to share one trans- 
port mechanism, while sulfate and thiosulfate share another. Magnesium 
shows a higher U/P concentration ratio than calcium, and elevated plasma 
magnesium levels depress calcium secretion. Thiosulfate similarly shows a 
higher U/P concentration ratio than sulfate,! and its presence in plasma 
markedly depresses sulfate excretion. An inhibitory action of thiosulfate on 
sulfate transport also occurs in the dog (1). In this respect the sulfate transport 
is identical in the two animals, although in the dog sulfate is reabsorbed subse- 
quent to glomerular filtration instead of being secreted. 

In the dog, amino acids are actively reabsorbed, and during this process 
elevated levels depress sulfate reabsorption (2). In Lophius, on the other hand, 
glycine is not actively transported by the tubules and has no effect on the ex- 
cretion of sulfate. 

As with divalent anions, there are also reports indicating competition in the 
tubular reabsorption of divalent cations in the mammalian kidney. Magne- 
sium salts, given parenterally to dogs, cats, or rabbits, increase urinary excre- 
tion of calcium (14), and intravenous injections of magnesium salts in man 
yield similar results (22) without altering glomerular filtration rate or total 
serum calcium. Strontium chloride, given intravenously, also enhances cal- 
cium excretion in dogs (6). Magnesium excretion is similarly increased in rab- 
bits and dogs after intravenous administration of calcium chloride (15). These 
findings indicate mutual interference between calcium, magnesium, and 
strontium in their tubular reabsorption. 

The failure of probenecid to depress tubular excretion of divalent ions sug- 
gests that the excretory mechanisms involved here are not identical with the 
system which transports PAH, penicillin, phenosulfonphthalein, and other 
organic acids in Lophius and other vertebrates. 

In the aglomerular toadfish (Opsanus tau), urine flow is increased by the ad- 


1 Although secretion of thiosulfate by aglomerular kidneys has been mentioned 
earlier in the literature (12), we have been unable to trace this note back to any report 
of performed experiments. 
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ministration of Mg*+, Ca**, Sr**, and Hg** as chloride salts, and the relative 
effectiveness of these salts bears an inverse relation to the molecular weight 
(4), Bieter also showed that sodium sulfate and thiosulfate caused a diuresis 
in toadfish (4). These toadfish were kept in brackish water, and the concentra- 
tions of calcium, magnesium, and sulfate in the plasma were probably lower in 
these fish than in the Lophii used in our experiments. This might explain the 
apparent discrepancy between Bieter’s and our results. Although magnesium 
chloride consistently produced a diuresis in Lophius, calcium chloride did the 
opposite. The lowering of the magnesium concentration in the plasma might 
be held responsible for this antidiuretic effect, or the high plasma calcium in 
our experiments may have had some toxic effect similar to that associated with 
the decreased glomerular filtration rate noted in dogs after the intravenous in- 
jection of calcium chloride (5). In only one Lophius did sodium sulfate or thio- 
sulfate have any diuretic effect; the plasma sulfate level prior to injection in 
this fish was below 5 um/ml. For the other three Lophii in this series the Tm 
for sulfate, and consequently maximum diuretic effect, was presumably reached 
before the injections. These studies, as well as those of Bieter (4), support the 
concept that the urine flow from aglomerular kidneys is determined mainly 
by the osmotic load of actively secreted divalent ions. 


We are grateful to Margot Sheldon, John C. Bernhardt, Jr., and Robert B. Howe 
for technical assistance; to Captain Perry Lawson and his crew for collecting speci- 


mens by otter trawl; and to Dr. Clement L. Markert, University of Michigan, for 
securing specimens by skin diving. 


REFERENCES 


. Berglund, F., and Forster, R. P., Fed. Proc., 1957, 16, 10. 
. Berglund, F., and Lotspeich, W. D., Am. J. Physiol., 1956, 185, 539. 
. Beyer, K. H., Russo, H. F., Tillson, E. K., Miller, A. K., Verwey, W. F., and 
Gass, S. R., Am. J. Physiol., 1951, 166, 625. 
. Bieter, R. N., J. Pharmacol. and Exp. Therap., 1933, 49, 250. 
. Chen, P. S., and Neuman, W. F., Am. J. Physiol., 1955, 180, 623. 
. Chen, P. S., and Neuman, W. F., Am. J. Physiol., 1955, 180, 632. 
. Forster, R. P., J. Cell. and Comp. Physiol., 1953, 42, 487. 
. Forster, R. P., Am. J. Physiol., 1954, 179, 372. 
. Forster, R. P., and Berglund, F., J. Gen. Physiol., 1956, 39, 349. 
. Friedman, S., and Rubin, A., Clin. Chem., 1955, 1, 125. 
. Gilman, A., Philips, F. S., and Koelle, E. S., Am. J. Physiol., 1946, 146, 348. 
- Marshall, E. K., Jr., Physiol. Rev., 1934, 14, 133. 
- Marshall, E. K., Jr., and Graffin, A. L., Bull. Johns Hopkins Hosp., 1928, 43, 205. 
- Mendel, L. B., and Benedict, S. R., Am. J. Physiol., 1909, 25, 1. 
5. Mendel, L. B., and Benedict, S. R., Am. J. Physiol., 1909, 25, 23. 
- Power, M. H., and Wakefield, E. G., J. Biol. Chem., 1938, 123, 665. 





440 DIVALENT ION SECRETION 


17. Rehell, B., Scand. J. Clin. and Lab. Inv., 1954, 6, 335. 

18. Shannon, J. A., J. Cell. and Comp. Physiol., 1938, 11, 315. 

19. Smith, H. W., From Fish to Philosopher, Boston, Little Brown and Co., 1953 

20. Smith, H. W., Finkelstein, N., Aliminosa, L., Crawford, B., and Graber, M. 
J. Clin. Inv., 1945, 24, 388. 

21. Troll, W., and Cannan, R. K., J. Biol. Chem., 1953, 200, 803. 

22. Womersley, R. A., Clin. Sc. 1956, 15, 465. 





ENZYMIC DEPHOSPHORYLATION OF PEPSIN AND PEPSINOGEN 


By GERTRUDE E. PERLMANN 
(From The Rockefeller Institute for Medical Research) 


(Received for publication, June 21, 1957) 


ABSTRACT 


It has been shown by the work presented in this paper that it is possible to de- 
phosphorylate enzymically pepsin and pepsinogen with a variety of phosphatases. 
With the aid of a phosphodiesterase and the prostate phosphatase it has been es- 
tablished that the phosphorus in the two proteins is present as a diester and con- 
nects two sites of the peptide chain in a cyclic configuration. Removal of the phos- 
phorus does not affect the proteolytic activity against hemoglobin or the synthetic 
substrate acetyl-t-phenylalanyl diiodotryosine, nor the pepsinogen pepsin trans- 
formation. However, an increase of the autodigestion of pepsin is observed. 


It has long been known that pepsin with a molecular weight of 35,000 con- 
tains one atom of phosphorus per mole (1, 2). Inasmuch as this protein is repre- 
sentative of a group of enzymes which do not contain a prosthetic (non-amino 
acid) group, the question naturally suggested itself to test whether the presence 
of the phosphorus is essential for the proteolytic activity of this enzyme. In 
view of the fact that the author has developed methods for the characterization 
of phosphorus bonds in phosphoproteins (3) it was decided to attempt the re- 
moval of the pepsin-phosphorus enzymically thus leaving the protein molecule 
relatively intact. Details will be given here of these experiments which were 
carried out from 1952 to 1954 but heretofore have been mentioned only briefly 
(3-5). At the outset of this report it can, however, be stated that although some 
of the physicochemical properties are altered during the dephosphorylation 
process, there is no evidence that the phosphorus is essential for proteolysis 
nor does its presence influence the activation of the protein from its inactive 
presursor, pepsinogen. 


Materials and Methods 


Materials—The pepsin used in this research was the Worthington crystalline 
product and a highly purified, non-crystalline pepsinogen preparation kindly supplied 
by Dr. Roger M. Herriott of the School of Hygiene and Public Health of Johns Hop- 
kins University. 

_ The enzymes, i.e. a prostate phosphatase and the alkaline phosphatase from calf 

intestine whose purification has been adequately described elsewhere (6, 7), were 

furnished by Dr. Gerhard Schmidt of the Boston Dispensary. The potato phosphatase 
441 
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and the phosphodiesterase from rattlesnake venom, Crotalus adamanteus, were prepared 
in this laboratory according to the procedures of Kornberg (8) and Sinsheimer and 
Koerner (9), respectively. 

Methods—The concentration of all protein solutions has been determined from 
nitrogen analyses by the Pregl micro-Kjeldahl method using the factor of 6.78 fo; 
conversion to dry weight. The phosphorus was estimated according to Lohmann 
and Jendrassik (10). 

Electrophoresis.—For the electrophoretic measurements a cell of 11 ml, capacity 
and the apparatus described by Longsworth were used (11). Prior to electrophoresis 
at 0.5°C. the 0.7 per cent protein solutions were dialyzed at 5°C. for 1 to 2 days against 
large volumes of the appropriate buffers. 

Enzyme Experimenis——In the dephosphorylation experiments pepsin was dis- 
solved in a buffer of the desired pH. After addition of phosphatase, in concentrations 
of 0.2 per cent of the total protein, the mixture was incubated at 37°C. for various 
lengths of time. In order to determine the proteolytic activity of the pepsin substrate 
as well as the amount of inorganic phosphorus released during the dephosphorylation 
one aliquot of the reaction mixture was assayed for activity with the aid of the hemo- 
globin method (12). In some experiments the hydrolysis of the synthetic substrate, 
N-acetyl-1-phenylalanyl diiodotyrosine, was tested (13). A second sample was mixed 
with an equal volume of 20 per cent trichloroacetic acid and immersed in a boiling 
water bath for 5 minutes. The protein precipitate was then separated by filtration 
and the filtrate analyzed for phosphorus, and in certain cases, for non-protein nitro- 
gen. 


RESULTS 


Dephosphorylation of Pepsin and Pepsinogen by Various Phosphatases— 
In the first series of experiments the various enzymes which effected the removal 
of the ovalbumin-phosphorus were tested for their action on pepsin and pep- 
sinogen. As shown in Table I, only the potato enzyme, at pH 5.6, and the in- 
testinal phosphatase at pH 8.9, dephosphorylate these proteins. The action of 
the intestinal enzymes, at pH 5.6 and 6.0, respectively, and that of the two 
prostate phosphatases are negligible. The prostate enzyme with the activity 
optimum of pH 3.0 has recently been discovered in this laboratory and, if 
tested with low molecular weight substrates, found to be specific for the hy- 
drolysis of phosphomonoesters of the O-P type. 

In view of the peculiar pH stability range of pepsin, i.e. below pH 6.0, these 
studies, therefore, were limited to the use of the potato phosphatase. 

Activity of Pepsin and the Phosphorus-Free Pepsin.—Having thus demor- 
strated that the pepsin-phosphorus can be removed enzymically, the two 
proteins were assayed for activity. The results of these tests are recorded in 
Fig. 1. Here, the proteolytic activity, expressed as optical density at 280 mp, 
is plotted against the amount of pepsin present in the reaction mixture. A 
straight line relationship is obtained. Fig. 1 further indicates that the activity 
of three different phosphorus-free pepsin preparations and that of the starting 
materials are indistinguishable. 
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As shown in Fig. 2, a similar result is obtained on comparison of the rate of 
hydrolysis of the dipeptide, N. -acetyl-L-phenylalany! diiodotyrosine. 
Pepsinogen-Pepsin Transformation.—In contrast to pepsin, its inactive 
precursor pepsinogen is stable in the alkaline pH range. The removal of the 
pepsinogen-phosphorus was therefore carried out with the aid of the intestinal 
phosphatase. On subsequent activation of the phosphorus-free pepsinogen, by 
acidification of the solution to pH 2.0, it could be demonstrated that the activ- 
ity of the enzyme was identical with that of the control sample. 


TABLE I 
Dephosphorylation of Pepsin and Pepsinogen by Phosphatases of Various Origin 





Maxima! amount of phosphorus 
liberated 


H of optimum 
Enzyme ou 





Pepsin Pepsinogen 
(1) (2) @) (4) 


Per cent of total 
Prostate phosphatase I . ‘ 0 
Prostate phosphatase IT F . Not tested 
Intestinal phosphatase I . : Not tested 
: ; 100.0 
Intestinal phosphatase IT ‘ a 0 
Potato phosphatase , m 96.0 

















Thus, from the foregoing it foliows that the phosphorus in these two pro- 
teins is unessential for the proteolytic activity of pepsin and for the pepsinogen 
— pepsin transformation. 

Electrophoretic Behavior of Pepsin and of Phosphorus-Free Pepsin.—In the 
dephosphorylation studies of ovalbumin and a-casein (14, 15) it has been 
demonstrated that the enzymic removal of as little as one phosphate group 
influences considerably the electrophoretic characteristics of the protein. 
Moreover, as will be discussed below, electrophoretic analysis over a wide pH 
range presents a qualitative picture of the type of groups involved. It, there- 
fore, seemed of interest to compare the mobilities of pepsin and of the phos- 
phorus-free protein at different pH values. The results of these measurements 
in monovalent buffers of pH 1.0 to 6.0 are presented in Table II. Here, columns 
1 and 2 list the composition and the pH of the solvents at 25°C., whereas in 
columns 3 and 4 are given the mobilities of pepsin and the phosphorus-free 
protein. The six pepsin preparations studied in this laboratory migrated as a 
single peak in the pH range of 1.0 to 6.0. Moreover, as shown already by Tise- 
lus, Henschen, and Svensson (16) and confirmed with our preparations, pep- 
sin in 0.1 N hydrochloric acid at pH 1.08 still moves anodically. This unusual 
behavior indicates the presence of a strongly acidic group that is still disso- 
ciated at this pH. That this can be attributed to the phosphate group is evident 
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Fic. 1. Proteolytic activity of pepsin and phosphorus-free pepsin against hemo- 
globin as function of pepsin concentration. 
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Fic. 2. Hydrolysis of N-acetyl-t-phenylalanyl diiodotyrosine by pepsin and phos 
phorus-free pepsin as function of pepsin concentration. 
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from the fact that the phosphorus-free pepsin, at pH 1.08 in 0.1 n hydrochloric 
acid is positively charged. Its isoelectric pH of 1.7 at 0.1 ionic strength was ob- 
tained by interpolation of several measurements in which the pH was varied 
from 1.1 to 2.5. If the mobilities of pepsin, (column 3), are compared with those 
of the phosphorus-free protein, (column 4), a constant difference, Au, of 0.3 
to 0.4 X 10-* is obtained at all pH values below pH 5.0 (column 5). 


TABLE II 
Mobilities of Pepsin and Dephosphorylated Pepsin in Buffer Solutions of 0.1 
Ionic Strength 





Mobilities  10* 





Phos- 
Pepsin | phorus- 
free 


(3) oy 


—0.1 0.2 
—0.35 0 

—0.7 | —0.3, 
—1.7 | —1.3 
—4.1 | -—3.7; 
—6.3; | —6.1 
—9.1, | —9.0 
—8.9 | —8.6 
—7.8 | —7.45 


(1) 


rey 
~~ 
— 





—_—— 


0.1 x HCl 

0.1 n HCI-0.1 m glycine 

0.1. n HCI-0.2 m glycine 

0.1. x HCI-0.5 m glycine 

0.02 n NaAc-0.1 n HAc-0.08 n NaCl 

0.1 n NaAc-0.1 n HAc 

0.1 ns NaAc-0.01 n HAc 

0.02 n NaCac-0.005 n HCac-0.08 n NaCl 
0.02 n NaV-0.02 n HV-0.08 n NaCl 


NOM WWD eS 
ous OS 
.« cs oe @ 


PSP PS 

















Ac = acetate; Cac = cacodylate; V = diethylbarbiturate. 


Another point of interest emerges from the results given in Table II. On 
substitution of acetate by a cacodylate sodium chloride mixture of the same 
ionic strength and a similar pH, lower mobility values are observed in the caco- 
dylate buffer. Likewise, in the pH range of 7.0 to 9.0 at which spontaneous in- 
activation (i.e., denaturation) of pepsin occurs, a similar effect is noticed. 
The mobility difference, Au, of the pepsin and of the phosphorus-free protein, 
however, is identical with that given in Table II for the acidic buffers; e.g., 
0.3 to 0.4 X 10-*. These results, therefore, can be taken as an indication that 
the interaction with buffer ions of these two closely related proteins is not 
affected by the presence of the phosphate group in the molecule but it is strongly 
influenced by the ionic composition of the solvent. 

The Nature of the Phosphorus Bond of Pepsin.—As reported in a previous 
communication (14) the pH mobility curves of the three ovalbumins, Au, 


‘ Although pepsin in the pH range of 1.0 to 6.0 and 8.0 to 9.0, respectively, moves 
as a homogeneous protein, in the intermediate pH range it has three electrophoretic 
components. Similar results have been also obtained by Edelhoch (17). 
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A», and As, diverge until a constant mobility difference, Au = 0.6 x 10 
is found in the pH range of 7.0 to 9.0. If correlated with titration data, this 
mobility decrement at pH 7.0 indicates that on removal of each phosphorus 
atom of ovalbumin the net charge is altered by a value of —2, indicating that 
the phosphate groups of this protein are present in form of monoesters with two 
dissociable hydroxyls. 

In contrast, as illustrated with the data given in Table II, the pH mobility 
curves of the two pepsins, although different from each other, do not diverge 


TABLE III 
Action of Prostate Phosphatase on Pepsin, Pretreated with Phos phodiesterase 


Each reaction mixture contained 1 per cent pepsin, whereas the diesterase and prostate 
phosphatase content was 0.02 and 0.01 per cent, respectively. 





pH of Time of | Phosph 
Reaction mixture reaction incubation salensed by 
mixture at 37°C. enzyme 


(1) (2) (3) (4) 





hrs. 
Pepsin in 0.05 m NaHCO; + phosphodiesterase 8.2 — 7.8 3 
Pepsin, phosphodiesterase-treated in acetate 5.8 12 
Pepsin, phosphodiesterase-treated + prostate phos- 5.8 12 

phatase 
Pepsin in 0.05 m NaHCO,, control 8.2 — 8.2 3 
Pepsin (control) in acetate 5.8 12 
Pepsin (control) + prostate phosphatase 5.8 12 














at neutrality. These findings, taken together with the failure of the prostate 
and intestinal phosphatases to dephosphorylate pepsin at pH 5.6 and 6.0? 
respectively, exclude the presence of a monoester of the O-P and N-P type (3) 
and suggest that the phosphorus of this protein occurs in the form of a diester 
with only one hydroxy] that can lose its proton. The diester nature of the phos- 
phate group was confirmed as follows:— 

If, as shown with the aid of Table III, pepsin in 0.1 n sodium bicarbonate is 
treated with a phosphodiesterase of snake venom, no inorganic phosphorus is 
set free. Since here the diester reaction is carried out in a weakly buffered solu- 
tion, the shift of pH from 8.2 to 7.8 indicates the appearance of an acidic group. 
Subsequent exposure of the diesterase-treated pepsin to prostate phosphatase 
at pH 5.6 releases the pepsin-phosphorus. In view of the known specificity of 
these two phosphatases for the hydrolysis of O-P bonds when tested with low 
molecular weight substrates, one has to conclude that this diester is of the 
O-P-O type (3). 


* The specificity of these enzymes for the hydrolysis of -O-P- and -N-P- monoesters 
has been discussed elsewhere (3). 
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As shown by the work of Williamson and Passmann (18), Van Vunakis and 
Herriott (19), and Heirwegh and Edman (20), pepsin is a protein with a single 
peptide chain. Therefore, the phosphorus must cross-link a portion of the chain 
into a cyclic loop. Hence, as illustrated in Fig. 3, if during the action of the 
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Fic. 3. Schematic presentation of stepwise dephosphorylation of pepsin. 
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Fic. 4. Superimposed tracings of the electrophoretic patterns of pepsin, phospho- 
diesterase-treated pepsin, and phosphorus-free pepsin. 

Electrophoresis was carried out at 1 per cent protein concentration in 0.1 N sodium 
bicarbonate at pH 8.2 for 9000 seconds at 6.5 volts per cm. 


phosphodiesterase this cyclic bond is broken, the diester is converted into a 
monoester with the exposure of two acidic groups. Thus, it should be expected 
that in the pH range of 7.0 to 9.0 the diesterase-treated protein should move 
faster anodically than pepsin and the phosphorus-free protein more slowly. 
That this is the case is demonstrated with the aid of the superimposed tracings 
of the electrophoretic patterns obtained in 0.1 N sodium bicarbonate of pH 
8.2 (Fig. 4). Here, the full line represents pepsin, the dashed line being the 
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pattern after treatment with the diesterase and the dotted one that of the 
phosphorus-free protein. From the relative position of these three peaks and 
the mobility values given in Table IV, it is clear that the mobility decrement 
is the same in each step; t.e., Au = 0.3 to 0.4 X 10-* (columns 6 and 7), 

In Table IV it is further shown that in an acetate buffer of pH 3.9 and 46, 
respectively, the mobilities of the diesterase-treated pepsin are identical with 
that of pepsin.’ This result was to be expected in view of the fact that here the 
hydroxy] with a pK of 6.8 is undissociated and does not contribute to the net 
charge of the protein. 


TABLE IV 
Electrophoretic M obilities of Diesterase-Treated Pepsin, Pepsin, and 
Phosphorus-Free Pepsin as Function of pH 





Mobilities X 105 





pH " Phos- 

a... 2 Pepsin | phorus- | (3)-(4) 
pepsin : 

(1) (2) (3) (4) 





0.02 n NaAc-0.1 n HAc-0.08 wn 3.9; —4.1, 
NaCl 
0.1 nw NaAc-0.1 n HAc 64 —6.2s5 
0.02 n NaV-0.02 n HV-0.08 n NaCl 8s —8.1 
0.1 nw NaHCO, oa —8.2 























Ac = acetate; V = diethylbarbiturate. 


Some Properties of the Phosphorus-Free Pepsin.—The most striking difference 
between the phosphorus-free pepsin and its parent substance is in the electro- 
phoretic behavior. Nevertheless, it has not been possible to resolve a mixture 
of these two proteins into its components. Only one boundary is observed whose 
displacement at all pH values studied was intermediate to that of the two pro- 
teins. Resolution occurs, however, on mixing equal quantities of the phospho- 
rus-free and diesterase-treated proteins. However, a comparison of the mobili- 
ties of the components of the mixture with the original materials reveals that 
also in this case protein-protein interaction has taken place. 

Similarly, attempts to separate pepsin mixtures by chromatography have 
been unsuccessful. However, the following observations are of considerable 
interest. If pepsin is allowed to undergo autodigestion at pH values removed 
from those of optimal proteolysis, i.e. pH 1.5 to 2.5, and is subsequently passed 
through a column of 4 per cent linked Dowex 50, a newly formed component is 


*In these experiments a phosphodiesterase prepared from saline extracts of pros- 
tate glands was used. This enzyme, in the presence of 10~* wm magnesium ions, \s 
active at pH 5.8. Thus denaturation of pepsin was prevented. 
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isolated from the eluate. The amount of this second active component varies 
somewhat with the autodigestion. The eluate pattern of partially autolyzed, 
phosphorus-free pepsin is more complex in that it contains four to five compo- 
nents. Here too, a second active fraction is present with a slightly higher activ- 
ity than that obtained from the partially autolyzed pepsin. From these obser- 
vations it follows that the rate of autodigestion is higher in the case of the phos- 
phorus-free protein than in the native protein. 


DISCUSSION 


In the present investigation it has been shown that the single phosphate 
group of pepsin and pepsinogen can be removed enzymically. Moreover, with 
the proper selection of two phosphatases, ¢.g. a diesterase from snake venom 
and the prostate phosphatase, it was demonstrated that the phosphorus in 
these two proteins is present in the form of a diester of the O-P-O type.* The 
occurrence of phosphodiesters in a- and #-casein has already been described. 
In these proteins the phosphorus serves to link peptide chains and its removal 
is accompanied by a disintegration of the protein into smaller units. In the 
case of pepsin, however, such a phenomenon is not observed. Here, the phos- 
phorus serves to cross-link two sites of the peptide chain in a cyclic configura- 
tion and the experiments described here thus add a new type of intrachain 
bond to that of the disulfide linkages. 

Although the removal of the phosphorus does not impair the peptic activtity 
nor affect the pepsinogen —> pepsin transformation, some of the physico- 
chemical properties have been altered and the rate of autodigestion of the phos- 
phorus-free protein has increased considerably. It appears that the dephos- 
phorylation process causes an opening of a cyclic loop in the peptide chain 
followed by a slight unfolding. A number of peptide bonds, hitherto not acces- 
sible to enzymic hydrolysis, are now exposed and are rapidly hydrolyzed. This 
could be demonstrated by an increased formation of trichloroacetic acid 
soluble nitrogen of the phosphorus-free pepsin and by a higher yield of dialyz- 
able active fragments than has been found in the case of the parent protein 
(21). Therefore, it is not unlikely that the function of the phosphate group in 
pepsin is to stabilize the molecule and thus minimize its autodigestion. 


The author is indebted to Dr. Gerhard Schmidt of the Boston Dispensary for 
generous samples of the prostate and intestinal phosphatases; to Dr. L. E. Baker 
for the synthetic substrate. My sincere thanks go to Mrs. Joan J. Berdick and Miss 
Barbara R. Hollingsworth for their assistance. 


‘As described by the author elsewhere (3) all potato phosphatase preparations 
contain small amounts of a diesterase active at pH 5.6 and specific for O-P bonds. 


Thus, the removal of the pepsin-phosphorus is due to a combined action of a mono- 
and diesterase. 
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ABSTRACT 


Hemophilus influensae—transforming DNA, which has been inactivated by ultra- 
yiolet radiation, is reactivated by visible light in the presence of a cell-free extract 
of Escherichia coli B. 

The time rate of reactivation is increased by increasing the E. coli extract con- 
centration, the temperature, and the intensity of illumination. 

Only DNA containing an ultraviolet-damaged genetic marker exhibits increased 
transforming activity after treatment with the photoreactivating system. 

The reactivating capacity of the extract remains in the top supernatant after 
centrifugation at 110,000 x g for 1 hour and is not present in the pellet. This capac- 
ity is destroyed by heating to 90°C. for 1 minute. 

The active system of the E. coli extract is separable into dialyzable, heat-stable 
and non-dialyzable, heat-labile fractions. The dialyzable fraction contains at least 


one component which limits the maximum degree of recovery attained. 


Photoreactivation, the reversal of short wave length ultraviolet effects on 
organisms by subsequent treatment with visible light, was first specifically 
described by Kelner (1, 2) for survival of the ultraviolet-irradiated conidia of 
Sireplomyces griseus. It has since been recognized for a variety of other ultra- 
violet effects in a large number of species and tissues (3), including interrup- 
tion of DNA synthesis (4), production of mutations (5), induction of vegetative 
phage in lysogenic bacteria (6), inhibition of adaptive enzyme formation in 
yeast (7), spheration of nucleoli in the grasshopper neuroblast (8), delaying of 
cleavage in eggs (9), and delaying of division in protozoa (10). Its detailed 
mechanism is unknown. A possible outline of the process, however, is suggested 
by existing evidence. 


*Present address: Department of Biochemistry, School of Hygiene and Public 
Health, Johns Hopkins University. 


t Aided by a grant from the United States Atomic Energy Commission. 
§ Aided by a grant from the United States Department of Health, Education, and 
Welfare. 
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The action spectrum for ultraviolet effects on organisms implicates Nucleic 
acid as an important absorber of the effective radiation (11). Recent studie, 
indicating that nuclear damage by ultraviolet radiation is photoreversible but 
that cytoplasmic damage is not (12, 13) suggest that DNA rather than RNA 
is primarily involved in photoreactivation. The fact that ultraviolet-inact. 
vated bacteriophages, which are not in themselves photorestorable, can be 
reactivated if the cells infected with them are illuminated (3) points to a cel. 
lular mechanism acting on the DNA. The temperature dependence of photo- 
reactivation (1, 3) is consistent with an enzymatically controlled system of 
reactions, an activation energy around 17 kilocalories being indicated fo; 
Neurospora microconidia (14). The fact that reactivated bacteriophage show 
the same sensitivity to ultraviolet radiation, when tested intracellularly, as 
initially unirradiated phage tested the same way implies that the effects of 
the ultraviolet radiation have in some manner been undone, rather than 
simply circumvented (15). The accumulated evidence thus suggests that a 
cellular enzyme system, containing a photochemical step, repairs ultraviolet 
damage to DNA, and that the observed reversal of ultraviolet effects is a 
result of such repair. This plausible inference, which is consistent with more 
evidence than that cited here, has in the past lacked any direct proof. 

The DNA which produces bacterial transformations (16) is inactivated by 
254 my ultraviolet radiation in doses of the order of magnitude required to 
inactivate bacterial cells. Such doses are far below those required to decrease 
the viscosity of DNA solutions. Jn vitro photoreactivation of this inactivated 


material, using a cell-free extract of Escherichia coli B, was reported in a 


preliminary note earlier (18), and a fuller account of the exploratory work 
follows below. 


Materials and Methods 
Preparation of Hemophilus DNA.— 


Transforming DNA (transforming factor) was extracted from Sd Hemophilus 
influenzae cells resistant to 2000 /ml. of streptomycin by lysing washed cells sus- 
pended in 60 ml. of citrate-saline (0.15 m NaCl, 0.014 m trisodium citrate/liter) with 
1 ml. of 10 per cent sodium desoxycholate. After 30 minutes at 37°C., the lysed 
suspension was made 2 molar in NaCl and deproteinized as described by Sevag ¢ al. 
(19) by shaking with chloroform-octanol at 5°C. The mixture was centrifuged, the 
pellet extracted with 10 ml. of citrate-saline, and this extract added to the super- 
natant. DNA was precipitated as fibers from the pooled extract and supernatant by 
the addition of 3 volumes of 95 per cent ethanol. The fibers were collected, redissolved 
in 20 ml. of citrate-saline, reprecipitated with ethanol, and redissolved. The solution 
was digested with RNAse at 5°C. for 1 hour, subjected to another cycle of Sevag 
deproteinization, centrifugation, and ethanol precipitation, and the redissolved 
material stored as a stock solution of 170 ~ DNA/ml. in citrate-saline at —20°C. 
The ratio of the optical density at 260 my to that at 280 my was 1.73. 

“Non-transforming” DNA, free of the streptomycin resistance marker, was prt 
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pared from streptomycin-sensitive Rd Hemephilus influenzae by an analogous pro- 
cedure. 
Ulraviolet Irradiation of Transforming Factor.— 


For ultraviolet irradiation, DNA at a concentration of 3.4 y/ml. in citrate-saline 
was exposed to the radiation from a 15 watt General Electric germicidal lamp at a 
distance of 38 cm. for 120 seconds. This corresponded to a 3200 erg/mm.* dose of 
254 mp radiation as calibrated from the rate of inactivation of T2 bacteriophage 
00). The liquid layers irradiated were approximately 1 mm. thick and were agitated 
during irradiation. Their transmission in this thickness was better than 97 per cent 
at 254 mp. 

Unused irradiated DNA was stored at —20°C. 

Tronsformations.— 

The techniques employed in transformation were those of Alexander, Leidy, and 
Hahn (21) as modified by Goodgal and Herriott (22). 

Rd Hemophilus influenzae sensitive to 10 /ml. of streptomycin were grown to a 
concentration of 6 X 10°/ml. in Levinthal broth. In the period over which the pre- 
sent work extended the competence of these cultures varied from about one compe- 
tent cell per 15,000 in the early work to one per 500 in the later. Low competence 
cultures were used directly and higher competence cultures were usually diluted 
tenfold in eugonbroth (Baltimore Biological Laboratory, Inc., Baltimore, Maryland) 
before use. 0.1 ml. (or in some cases 0.2 ml.) of cell suspension and 0.1 ml. of a trans- 
forming DNA solution under test were added to 3 ml. of Levinthal broth and incu- 
bated for 30 minutes. A suitably diluted aliquot of this mixture was plated (by mixing 
with Levinthal-agar in a Petri dish) and the resulting plate incubated for 120 min- 
utes before layering with Levinthal-agar containing 500 y streptomycin/ml. Strep- 
tomycin-resistant colonies were counted after 18 to 48 hours, the growth rate depend- 
ing upon the number of cells plated. The number of cells transformed per milliliter 
in the 3 ml. transformation tube, calculated from the colony count and the dilution 
before plating, was used as the index of transforming ability of the sample. For 
convenience, this number will be referred to as the “activity” of the DNA solution. 

As found by others both for D. pneumoniae (23) and for H. influenzae (21) the 
activity of transforming DNA varies linearly with DNA concentration at low con- 
centrations when the number of cells greatly exceeds the number of transforming 
DNA units, but flattens off as the amount of DNA is increased. At sufficiently high 
levels it fails to increase further, suggesting a saturation of competent cells with DNA 
(21). Such a titration curve obtained with an undiluted culture of high competence is 
shown in curve A of Fig. 1. The linear region is represented on this log-log plot by a 
4° straight line. Curve B shows a similar titration curve for the same DNA prep- 
aration after ultraviolet irradiation with 3200 ergs/mm.? as described above. The 
same curve, displaced vertically, fits both sets of points. The displacement corre- 
sponds to a factor of 10. 


Assaying Irradiated Transforming DNA.— 


It is the usual practice to assay transforming activities using the linear portion of 
the curve, but it is evident from Fig. 1 that this is not necessary when measuring 
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Fic. 1. Activity titration curves of transforming DNA. The abscissa is the DNA 
concentration in the transformation tube, and the ordinate is the observed trans- 
forming activity, both plotted on a logarithmic scale. Curve A, for unirradiated 
transforming DNA. Curve B, the same material used in curve A, but irradiated with 
3200 ergs/mm.? of 254 my ultraviolet light. 





inactivation by moderate doses of ultraviolet such as is done here. The residual 
activity of irradiated DNA, when expressed as a per cent of the unirradiated activity 
at the same DNA concentration, does not depend on the concentration used for 
assay. 

We have chosen to assay irradiated DNA solutions at a concentration (the same i 
all experiments) which corresponds to the flattened region of the curve. This has 
the following experimental conveniences: (a) The number of transformations pr 
duced is larger, permitting a higher degree of DNA inactivation to be assayed with 
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ailtures of low competence, or permitting the plating of fewer cells when assaying 
ipwer inactivations with consequently faster growth and earlier counting of colonies. 
}) The assay is insensitive to small errors of DNA concentration in the transforma- 
na tube (resulting from errors in the rapid pipetting of small volumes, inhomo- 
seneities in DNA solutions, etc.). 

" It is readily shown, by adding ultraviolet-irradiated DNA to unirradiated DNA 
at the time of transformation, that the former competes on approximately equal 
terms with the latter for uptake by the cells (22). This competition, evidenced by a 
decrease in the number of transformations produced, argues that the cells cannot 
distinguish between active DNA molecules and ultraviolet-inactivated molecules 
during uptake. The identical shape of the two titration curves in Fig. 1 supports the 
same view. 


Extract of Escherichia colt.— 


Cells of E. coli B were grown nearly to stationary phase (3 to 4 X 10°/ml.) in 
vigorously aerated synthetic medium (24) and harvested by centrifugation. Cells 
taken in the exponential phase gave extracts that were distinctly inferior for the same 
weight of harvested cells. 

The cells were ruptured by any of several means: grinding in a cold mortar with 
Alcoa No. 303 alumina, treatment with 10 kc. sonic vibrations, or producing plastic 
fow in a mass of frozen cells. One ml. of water or of 0.1 mu phosphate buffer at pH 7 
was added for each gram wet weight of cells, and the ruptured cell suspensions were 
centrifuged at approximately 10,000 x g for 40 minutes at 5°C. The pale yellowish, 
viscous, opalescent supernatant constituted the crude extract. 


Illumination.— 


Reaction mixtures to be illuminated with visible light: were placed in 17 mm, 
diameter screw-cap test tubes in a constant temperature bath. Two different light 
sources were used. One was a 750 watt T12, C-13 filament, projection lamp with 
its filament imaged on the reaction tube by a condensing lens system at a magnifica- 
tion of unity and a numerical aperture of 0.4. Light from this source was filtered by 
\1cm. of }g9 m CuSO, solution. The brightness of the filament image could be changed 
aknown amount without changing the distribution of light in the image or its spectral 
characteristics, by inserting circular screens with radially symmetric sectors, alter- 
ately transparent and opaque, in a parallel-light portion of the lens system. Such a 
screen with its center on the optic axis intercepted a known fraction of the light 
from each zone of the lens system. The second light source was a 40 watt General 
Electric “cool white” fluorescent lamp set at a distance of about 5 cm. from the 
sample. This weaker source was convenient for illuminating a number of tubes at a 
time. 

EXPERIMENTAL 
Stability of Ultraviolet-Inactivated Transforming DN A.— 


qf inactivation of the transforming factor continues after exposure to ultra- 
violet radiation, then experiments relating to the present problem are difficult 
‘o interpret. Zamenhof e¢ al. (17) have reported an unstabilization of the cap- 
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sular-transforming factor of Hemophilus influenzae by ultraviolet light which 
caused the activity to decay during subsequent storage. However, for the 
streptomycin resistance factor of type Rd H. influenzae, no such decay has 
been detected in the following several experiments: (A) A sample of irradiated 
transforming factor which had 1 per cent residual activity when tested imme. 
diately after irradiation had the same activity 19.5 hours later during which 
period it was kept at 37°C. (Table I). (B) Similarly, a freshly irradiated sam. 
ple which had 1.1 per cent residual activity when analyzed immediately was 
found to have 1.1 and 1.05 per cent activity after 11 weeks of Storage 


4 TABLE I 
Stability of Irradiated Transforming Factor at 37°C. 
A preparation of transforming factor (TF) and an ultraviolet irradiated aliquot (UVTF) 
were assayed for transforming activity beginning 1 hour after the ultraviolet irradiation. 


Unused material was stored at 37°C. for 19.5 hours and reassayed. An aliquot of the TF was 
also stored at 5°C. for comparison. 





Before storage After storage 





Activity Per cent activity Activity Per cent activity 


TF 1.8 X 10* 100* 





10*t 100° 
10* 110 
10? 1.3 





1.8 X 
2.0 X 
2.2 X 


UVTF 2.6 X 10 1.5 











* 100 per cent by definition. 
t Stored 19.5 hours at 5°C. 


at —20°C. (C) Samples of a stock mixture diluted 20-fold immediately after 
irradiation had the same transforming activity as samples diluted before 
irradiation so that the DNA remained in contact with the full strength irra- 
diated solvent (see Table II). (D) Likewise, unirradiated DNA lost no trans- 
forming activity upon dilution into irradiated solvent (Table IT). The last two 
experiments suggest that any inactivation by reactive radiation products of 
the solvent is negligible. 

The above experiments support the view that ultraviolet inactivation of the 
H. influenzae streptomycin resistance factor is rapid if not instantaneous. 


Photoreactivation of Irradiated Transforming DNA.— 


Ultraviolet-inactivated DNA showed no recovery on exposure to visible 
light (18). However, when Mgt and extract of E. coli were added, the activ- 
ity of successive samples of the mixture increased under illumination as shown 
in Fig. 2. Control mixtures incubated in the dark showed no such increase. 

The increase took place only during illumination and ceased during the time 
illumination was interrupted as indicated in Fig. 3. 

The increase did not depend on the concentration of DNA used in assaying 
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activity. Samples of a reaction mixture diluted and assayed on the linear por- 
‘ion of the titration curve (Fig. 1) gave the same rise in per cent activity as 
samples assayed on the plateau at a 50-fold higher concentration. 

The curves of Fig. 2 rise to a maximum representing less than full recovery 
of the unirradiated transforming activity. The magnitude of the maximum 
recovery varied from one preparation of crude cell extract to another. 


TABLE II 
Effects of Dilution and Irradiation of Solvent on Transforming Activity 

Each transforming activity listed in the table below represents the assay of an independent 
preparation. Preparations fall into four series. Series A, 0.1 ml. aliquots of transforming DNA 
sta concentration of 6.8 ‘y/ml. were each irradiated with 3200 ergs/mm.’ of 254 my ultraviolet 
light. Beginning within 1 second of the end of irradiation, 1.9 ml. of citrate-saline (0.014 mu 
Na;Cit+ 0.15 m NaCl) was added to each irradiated sample making the DNA concentra- 
tion 0.34 y/ml. Mixing was complete within about 3 seconds. Series B, DNA was diluted 
before irradiation to 0.34 y/ml. and irradiated with 3200 ergs/mm.? of 254 my ultraviolet 
light. Series C, 1.9 ml. samples of citrate-saline were exposed to 6400 ergs/mm.* of 254 my 
ultraviolet light, and 0.1 ml. of 6.8 y/ml. DNA added within 1 second of the end of irradi- 
ation. Series D, 6.8 y/ml. DNA was diluted 20-fold in unirradiated citrate-saline for com- 
parison with series C. 





Series Transforming activity 





A DNA irradiated, then diluted 10° 
10° 


10* 


10° 
10? 


10* 
10* 
10* 


DNA diluted, then irradiated 





DNA + irradiated citrate-saline 


DNA + unirradiated citrate-saline 104 
10* 


10* 


xKM KKK KK KXKX 








Two aliquots of an ultraviolet-irradiated transforming DNA preparation, 
one exposed to the photoreactivating treatment immediately after ultraviolet 
iradiation and one after 19.5 hours’ storage at 37°C., gave the same rise in 
activity from the same base line (see Tables I and III). Likewise, storage of a 
different preparation for 11 weeks at —20°C. did not change the degree of 
reactivation obtained with it. 

In our earlier publication (18), the reaction mixture contained 0.003 m 
ATP in addition to the Mg**, coli extract, and irradiated transforming DNA. 
The ATP has been found to be unnecessary. The addition of Mg++ on the 
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other hand, is essential for some preparations of crude coli extract, In its ab. 
sence these crude extracts progressively inactivate transforming factor at a 
rate which masks any possible photoreactivation. This inactivation jn the 
absence of Mg** is independent of illumination or irradiation. 





80 





PER CENT ACTIVITY 











TIME IN MINUTES 

Fic. 2. Transforming activity during photoreactivation at 37°C., expressed as 
per cent of uninactivated controls. Reaction mixtures contained 4 volumes of ultra- 
violet-inactivated DNA, 1 volume of m/10 MgSO,, and the volume of coli extract 
indicated below. Curve A, 1 volume of the most active preparation of extract, incu- 
bated in light. Curve B, 2 volumes of the same extract preparation after 6 weeks’ 
storage at —20°C., incubated in light. Curve C, 1 volume of an extract preparation 
having more typical activity, incubated in light. Curve D, 1 volume of the same 
extract preparation as C, incubated in dark. Light provided by projection lamp. 
Control mixtures were identical with corresponding reaction mixtures except that the 
DNA was unexposed to ultraviolet. 


Effect of Extract Concentration.— 


The photoreactivation rate diminishes as the cell extract concentration is 
diminished. Fig. 4 shows the recovery of activity with time of illumination for 
full strength extract and for extract diluted four times and ten times in 0.1 
phosphate buffer, the same volumes of full strength and of diluted extract 
being employed in each reaction mixture. 


Effect of Illumination Intensity.— 


The time rate of recovery increases with increasing intensity of illumination, 
but the rise in recovery rate becomes relatively smaller as the intensity 
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increases. Fig. 5 gives the time curves of restoration at several light levels, 
shile Fig. 6 shows the initial slope of these curves vs. relative intensity of 


illumination. 
Efect of Temperature during Illumination.— 


The rate of reactivation at a given illumination intensity increases with 
increasing temperature over the range of 3-37°C. Time curves of recovery for 
‘Jjumination at several temperatures are shown in Fig. 7. 
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Fic. 3. Photoreactivation with interrupted illumination 


Requirement of an Uliraviolet-Damaged Genetic Marker. — 


Transforming activity can be increased by illumination in the presence of 
E. coli extract if the transforming DNA has first been ultraviolet-irradiated. 
The increase does not occur with transforming DNA which has not been ul- 
traviolet-inactivated or with mixtures of this material and ultraviolet-irradiated 
Hemophilus DNA which lacks the genetic marker being assayed. These facts 
are indicated by the data of Table IV. 

The number of transformations obtained with mixtures of transforming 
and “non-transforming” (marker-free) Hemophilus DNA is lower than the 
number obtained with transforming DNA alone (21), because the two DNA’s 
compete for uptake by the cell as has been shown from P® studies (22). This 
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Fic. 4. Photoreactivation with different dilutions of the coli extract. Curve A 
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full strength extract. Curve B, 4 times diluted extract. Curve C, 16 times diluted 
extract. Fluorescent lamp illumination at 36.5°C. 


TABLE Ill 
Effect of Storage at 37°C. om Subsequent Photoreactivation of 
Uliraviolet-Irradiated Transforming Factor 
The same ultraviolet-irradiated transforming factor (UVTF) used in the experiment of 
Table I was tested for photoreactivation immediately after inactivation and again after 
19.5 hours at 37°C. The first test began 15 minutes after irradiation, and the transformation 
assay was complete and the results known before the second test was begun. Reaction mix- 
tures in each case contained 4 volumes of the DNA solution (3.4 y/ml.), 1 volume u/10 


MgSQ,, and 1 volume coli extract. Illumination was provided by the fluorescent lamp at 
28°C. 





Transforming activity after ¢ minutes’ illumination 
Reaction mixture 





t=0 | $ = 40 
UVTF (before storage) + Mgt* + extract.. 1.9 x 10 2.2 x 10° 
UVTF (after storage) + Mg** + extract 2.1 X 10 2.7 X 10° 











lower number of transformations, however, is not changed by illumination in 
the presence of cell extract and Mgt. 


Preillumination of Cell Extract.— 


Ultraviolet-irradiated transforming factor must be mixed with the colt - 
tract (plus Mgt*) during illumination in order to recover its transforming 
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Fic. 5. Photoreactivation at different intensities of illumination. Curve A, full 
intensity of projection lamp. Curve B, one-fourth intensity. Curve C, one-tenth 
intensity. Temperature at 37°C. 
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Fic. 6. Initial rate of photoreactivation as measured by the initial slopes of the 
curves of Fig. 4 at different illumination intensities. 
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Fic. 7. Photoreactivation at different temperatures 


TABLE IV 
Requirement of an Uliraviolet-Damaged Genetic Marker for Photoreactivation of DNA 

Types of DNA tested were: (a) streptomycin-transforming DNA (transforming factor or 
TF); (6) DNA from streptomycin-sensitive type Rd H. influenzae (RADNA) mixed with an 
equal amount of TF; (c) ultraviolet-irradiated RADNA (UVRdDNA) mixed with an equal 
amount of TF; (d) ultraviolet-irradiated TF (UVTF). 

Reaction mixtures containing 0.2 ml. of the DNA solution (3.4 y/ml.) + 0.05 ml. u/10 
MgSO, + 0.05 ml. coli extract were made in duplicate, and one incubated in the dark for 


20 minutes at 37°C., while the other was similarly incubated under projection lamp illumi- 
nation. 





Transforming activity after incubation 
DNA type in reaction mixture 





Dark 





TF 

TF + RdDNA 
TF + UVRdDNA 
UVTF 








activity. If the inactivated DNA is added to a coli extract-Mg*+ mixture in- 
mediately after the latter has been illuminated with a photoreactivating light 
dose, no increase in transforming activity results. This is determined by com- 
parison with a similar tube to which inactivated DNA is added after dark in- 
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cubation of extract and Mg**. Subsequent illumination of either complete 
mixture, however, produces the expected increase. These results are summarized 
in Table V. 


Heat Lability.— 

Ultraviolet-inactivated transforming DNA, which has been heated to 90°C. 
for 1 minute (with Mg**) loses little of its transforming activity and is capable 
of subsequent photoreactivation, as shown in Table VI. The photoreactivat- 
ing power of the E. coli extract, however, is destroyed by heating. Heating a 


TABLE V 
Failure of Extract Preillumination to Produce Photoreactivation of DNA 





Contents and treatment at 37°C. Transforming activity 





E. coli extract + Mg** incubated 20 min. under projection 2X 10 
lamp. Ultraviolet-inactivated transforming DNA added 9X 12 
and mixed within 1 to 5 sec. of lamp extinction. Mixture 1 x 10 
further incubated 10 min. in dark. Sampled in triplicate 


Mixture further incubated 20 min. under projection lamp. ; 10° 
| Sampled 





| E. coli extract + Mg** incubated 20 min. in dark. Ultra- . 10° 
violet-inactivated transforming DNA added. Mixture ; 10? 
further incubated 10 min. in dark. Sampled in triplicate . 10? 


| Mixture further incubated 20 min. under projection lamp. 
Sampled 








reaction mixture of ultraviolet-irradiated transforming factor, coli extract, and 
Mg** to 93-95°C. for 1 minute produces a modest decrease in its transform- 
ing activity to between 0.5 and 0.7 of the original value. If the heat is applied 
before illumination, subsequent exposure to visible light brings no increase in 
activity. If, on the other hand, the heat is applied after illumination, the large 
increase which has already been produced by the light is not lost. Data are 
summarized in Table VII. 

Heating to 60°C. for 30 minutes alters the crude extract so that it progres- 
sively inactivates transforming factor with time, regardless of whether or not 
the mixture is illuminated. It is not certain whether the photoreactivating 
system is still active in this case. 


Subcellular Nature of the Photoreactivating System.— 


Intact viable cells of E. coli B, which may be present in newly prepared ex- 
tract, are unable to restore inactivated transforming DNA. When a fresh sus- 
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pension of such cells, equivalent to those from which the extract is prepared, 
is used instead of the extract, no increase in the transforming power of jr. 
radiated DNA is produced by illumination. Details and data are given in Ty. 
ble VIII. 


TABLE VI 
Photoreactivation of Heated Ultraviolet-Inactivated Transforming DNA 
Duplicate reaction mixtures were prepared, except that in one the ultraviolet-inactivated 
transforming factor (UVTF) and Mg** were heated for 1 minute at 90-92°C. and cooled 


before addition of EZ. colé extract. Both were exposed to fluorescent lamp illumination at 
28°C. 





Transforming activity 





UVTF + Mg** + extract Heated UVIF + Mg* + extract 





min. 
0 5.4 
40 6.5 


10? 
1 


Xx 
x 10° 











TABLE VII 
Heat Lability of Photoreactivating System 
The sequence of operations on each reaction tube follows from top to bottom in the cor- 
responding column. 





ow gb Tube 3 
Heated before Dark control 
light treatment | light treatment 





2.5 X 10 | 2.8 X 10 | 3.2 x 10 
~ 
1.9 x 10° 

Light Light Dark 
2.5 X 10 | 3.6 X 10 
er + 
| 2.3 X 10° 2.5 X 1? 

















Heating (indicated by an +) was for 1 minute at 93-95°C. Incubation was for 40 minutes 
at 28°C. Illumination was provided by the fluorescent lamp. Reaction tubes each contained 
4 volumes of ultraviolet-inactivated transforming DNA, 1 volume of m/10 MgSOy, and ! 
volume of coli extract. 


On the other hand, an extract of E. coli filtered sterilely through an “ultre- 
fine” grade fritted glass disc, and showing no viable cells in a 0.1 ml. sample, 
retained its full photoreactivating power as indicated in Table IX. The activ- 
ity, therefore, lies in a subcellular system which is released by disruption 0 
the cell. 


Inactivity of Subcellular Particles.— 


The photoreactivating power of the extract does not sediment with sub- 
cellular particles. After centrifugation of 2 ml. of the crude extract at 110,000 X 
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g for 1 hour, the top 0.6 ml. of the supernatant had the same activity as the 
original material. The drained pellet, resuspended in 1 ml. of 0.1 m phosphate 
buffer, was completely inactive. These data are summarized in Table X. 


TABLE VIII 
Inability of Intact E. coli to Photoreactivate Transforming DNA 
E. coli B, grown beyond exponential phase in synthetic medium, were concentrated by 
centrifugation and resuspension to a viable titer of 6 X 10''/ml. in 0.1 u phosphate buffer. 
Duplicate mixtures of ultraviolet-inactivated transforming factor (UVTF) and Mg** were 
made, the cell suspension added to one and E. coli extract added to the other in equal amounts. 
Tubes were illuminated with the fluorescent lamp at 28°C. 





Transforming activity 
Illumination 





UVIF + Mg++ cells | UVIF + Mg* + extract 





2.6 X 10° 2.5 x 10? 
2.1 X 10° 2.9 x 10° 








Al transformation tubes (containing the 0.1 ml. samples from the reaction tubes in 3 ml. 
of Levinthal broth) were heated to 100°C. for 1 minute and cooled before adding the H. 
influenzae for transformation. This treatment was necessary to reduce the viable Z. coli 


count in the samples of the mixture containing those cells and was applied to the other tubes 
as a control. 


TABLE Ix 
Photoreactivation by Cell-Free E. coli Extract 
Duplicate mixtures of ultraviolet-inactivated transforming factor (UVTF) and Mg** 
were made. EZ. coli extract filtered sterilely through an “ultrafine” grade fritted glass disc 


(viable count in a 0.1 ml. sample = 0) was added to one and unfiltered extract to the other. 
Mixtures were incubated under the projection lamp at 36.5°C. 





Transforming activity 
Illumination 





UVTF + Mg** + filtered extract UVIF + Mg**+ unfiltered extract 





e 


0 Axi 
10 , 1 
1 


. 
. 


0 
20 0 











Dialyzable and Non-Dialyzable Components of the Extract.— 


The E. coli extract loses its photoreactivating power upon dialysis. Lyo- 
philized dialysate redissolved in water at half the volume of the original ex- 
tract is also inactive. A combination of the two fractions is, however, active 
as shown in Fig. 8. The recovery curves of the reconstituted system show an 
initial upward concavity, the time rate of photoreactivation increasing during 
the first minutes of illumination. 

The maximum increase in transformations, marked by the plateau of the 
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recovery curve, is approximately proportional to the concentration of dialysate 
in the mixture. Halving this concentration by diluting the dialysate 1:1 with 
0.1 m phosphate buffer before adding it to the other fraction produced the curve 
of smaller rise in Fig. 8. Fig. 9, obtained with a different preparation, shows 
the effect of twofold and fourfold dilution of the dialysate. 





| 1 | 1 





ACTIVITY 

















MINUTES ILLUMINATION 

Fic. 8. Photoreactivation by the reconstituted E. coli system. Activity is in 
thousands of transformed cells per milliliter. Reaction mixtures contained 4 volumes 
of ultraviolet-inactivated DNA and 1 volume of u/10 MgSO, in addition to the 
components indicated below for each curve. Curve A, 1 volume of dialyzed coli 
extract + 1 volume of phosphate. Curve B, 1 volume of concentrated dialysate + 
1 volume of phosphate. Curve C, 1 volume of dialyzed extract plus 1 volume of 
concentrated dialysate. Curve D, 1 volume of dialyzed extract plus 1 volume of a 
2 times dilution of concentrated dialysate. Fluorescent lamp illumination at 28°C. 


Attempts to obtain similar information for various concentrations of the 
dialyzed crude extract in the mixture have given inconsistent results which 
will not be reported. 

The dialyzable component is removed over about a 60 hour period at 5°C. 
when using one-quarter inch diameter cellulose tubing (Visking Corporation, 
Chicago). Extract dialyzed much longer than this progressively inactivates 
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Fic. 9. Photoreactivation with different dilutions of concentrated dialysate. 
Activity is in hundreds of transformed cells per milliliter. Reaction mixtures con- 
tained 4 volumes of ultraviolet-inactivated DNA, 1 volume of m/10 MgSO,, 1 
volume of dialyzed coli extract, and 1 volume of concentrated dialysate at the dilu- 
tion indicated for each curve. Curve A, full strength dialysate. Curve B, 2 times 
diluted. Curve C, 4 times diluted. Curve D, ~ times diluted. 


TABLE X 
Photoreactivation with Fractions of Sedimented coli Extract 
Two ml. of Z. coli extract was centrifuged at 110,000 X g for 1 hour. Equal amounts of 
the top 0.6 ml. of supernatant, of the pellet (resuspended in 1 ml. of 0.1 mu phosphate buffer), 
and of the original extract were added respectively to identical mixtures of ultraviolet- 
inactivated transforming DNA and Mg**. Reaction mixtures were illuminated by the 
fluorescent lamp at 28°C. 





Transforming activity of a reaction mixture using 
Illumination 





Original extract Top supernatant Resuspended pellet 





0 
of 
of 





° 1 
° 1 
. 1 











transforming DNA in the light or dark, while extract dialyzed 40 hours re- 
tains part of its restoring activity. Considerable variation occurs from one 
preparation to another. 

The activity of the concentrated dialysate deteriorates with time at —80°C. 
becoming essentially zero within a week. 
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Heat Lability of the Dialyzable and Non-Dialyzable Components — 


The non-dialyzable fraction is inactivated by exposure to a temperature of 
90°C. for 1 minute, while the dialyzable component is little affected by this 
treatment. The data are shown in Table XI. 

A second experiment gave the same results. 


TABLE XI 
Heat Lability of Dialyzable and Non-Dialyzable Fractions of E. coli Extract 
Reaction mixtures contained 4 volumes of ultraviolet-inactivated DNA (3.4 y/ml.) + 1 
volume m/10 MgSO, + 1 volume of dialyzed coli extract and/or 1 volume of concentrated 
dialysate wherever these components are indicated. Heating was for 1 minute at 90°C. 
Illumination was by the fluorescent lamp at 28°C. 





Transforming ipetivity after $ minutes’ 
E. cols extract fractions used in reaction mixture seen 





t= 40 





Dialyzed extract + concentrated dialysate ‘ 9.3 xX 1 
Dialyzed extract + heated concentrated dialysate... . ‘ 8.9 x 1¢ 
Heated dialyzed extract + concentrated dialysate. ... : 2.4 xX 1¢ 
3.9 X 10 
Concentrated dialysate i 3.0 X 10 











DISCUSSION 


Transforming factor which has been reduced to 1 per cent of its original 
activity by ultraviolet irradiation can be reactivated to between 10 and 50 per 
cent of the original value by illumination with visible light in the presence of 
an extract of E. coli B. The amount of reactivation does not depend on whether 
the activity is assayed on the plateau or on the linear portion of the DNA ti- 
tration curve (Fig. 1). The extent of inactivation and the amount of recovery 
are not affected by overnight storage at 37°C. between inactivation and light 
treatment. Restoration is observed only when ultraviolet-inactivated trans- 
forming DNA is mixed with the extract at the time of illumination. It does 
not occur with unirradiated transforming factor or with mixtures of this and 
an ultraviolet-irradiated “non-transforming” DNA which lacks the genetic 
marker being assayed. Restoration can be prevented by briefly heating a 
DNA-Mg?+-coli extract mixture before illumination, but once illuminated a 
similar heating does not destroy the recovered activity. The simplest inter- 
pretation consistent with all these facts is that DNA molecules bearing a0 
ultraviolet-damaged genetic marker are repaired during the illumination by 
some heat-labile system. 

Several alternative explanations of the phenomenon can be eliminated by 
the information on hand. These are: 

1. Some component of the cell extract after illumination may increase the 
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susceptibility of H. influenzae cells to transformation and, therefore, produce 
an apparent rise in activity of the DNA. This explanation is inconsistent with 
the fact that no increase is observed unless ultraviolet-irradiated DNA carry- 
ing the genetic marker being assayed is mixed with the E. coli extract at the 
time of illumination. 

2. The E. coli extract may preferentially destroy ultraviolet-damaged mole- 
cules of DNA. When assaying activities in the flat part of the titration curve 
(Fig. 1), such a preferential destruction would cause an increase in apparent 
activity from the original 1 per cent to as much as 10 per cent due to elimina- 
tion of competition from the damaged molecules during uptake by the cell. 
However, on this basis no increase would be expected when assaying in the 
linear portion of the activity curve where there is no competition, and such an 
increase is observed. Moreover, this hypothesis would predict an increase in the 
presence of ultraviolet-irradiated DNA which lacks the genetic marker being 
assayed, and such an increase is not observed. Finally, recoveries to somewhat 
more than 10 per cent activity, which would not be possible under this assump- 
tion, have been observed. 

3. The actual inactivation of the DNA may be a secondary time-dependent 
reaction following the ultraviolet irradiation. The failure of several experiments 
to detect any such delayed inactivation might be explained if the time course 
of the secondary reaction were chosen for this particular purpose. An apparent 
recovery would then be expected if components of the Z. coli extract could 
block the delayed inactivation under illumination. This explanation, however, 
cannot account for the same reactivation in aliquots of an irradiated DNA 
solution both before and after it is stored overnight at 37°C. If the first re- 
activation is assayed and the results are known before the second reactiva- 
tion is begun, then the supposed blocking of some delayed inactivation can 
explain the recovery on either one of the 2 days, but not on both. 

We are not in a position to propose any specific mechanism for photoreac- 
tivation at the present time. Experiment shows that some persistent change 
exists in transforming DNA after ultraviolet irradiation which diminishes its 
eflectiveness in producing transformations. This change is reasonably called 
“damage.” The present evidence indicates that another change which over- 
comes this damage is produced by the cell extract during illumination. This 
second change is reasonably called “repair” without presuming anything about 
its exact nature. The simplest kind of repair would, of course, be the reversal 
of some photochemical change produced by the ultraviolet radiation. 

The system in the coli extract which effects the DNA repair is subcellular 
since it is active in a cell-free extract, and it exists in solution in that extract 
since it does not sediment with the larger subcellular patricles. It consists of a 
“large molecular” (non-dialyzable) fraction and a “small molecular” (dialyza- 


ble) one. The system becomes inactive when these are separated and recovers 
when they are mixed. 





470 HEMOPHILUS INFLUENZAE TRANSFORMING FACTOR 


The concentration of the small molecular fraction limits the degree to which 
the transforming activity of the inactivated DNA can return. The large molecy. 
lar fraction is much more heat-labile than the small, being completely jnac. 
tivated by heating to 90°C. for 1 minute while the latter is little affected, The 
obvious inference from the foregoing facts is that the large fraction consists 
of one or more enzymes while the small fraction contains at least one compo- 
nent used up during photorestoration, without which the reaction cannot pro- 
ceed. 

As reported previously (18), illumination of the transforming DNA alone 
or after mixing with an extract of Hemophilus influenzae (prepared in the same 
way as the E. coli extract) effects no repair. Likewise, illumination of J. in. 
fluenzae cells immediately after the uptake of ultraviolet-irradiated DNA in a 
transformation produces no increase in the number of transformations as 
compared with unilluminated controls. We have, in fact, been unable to dem- 
onstrate photoreactivation for ultraviolet-irradiated H. influenzae cells them- 
selves using procedures which readily reactivated E. coli B. H. influenzae ap- 
parently lack the mechanism for effecting this recovery. By contrast, E. coli 
B, which are photorestorable and which can restore ultraviolet-inactivated 
phage, possess the required mechanism. 

The in vitro photoreactivation system resembles the im vivo system of ir- 
radiated E. coli B cells (2) or of unirradiated E. coli B cells infected with ir- 
radiated T-even phage (3) in the following properties: (a) The time scale and 
the visible light dose required are comparable for a similar degree of recovery. 
(b) Recovery proceeds only during illumination. (c) The recovery rate is 
strongly temperature-dependent. (d) The recovery rate increases with increas- 
ing intensity of illumination, but the increase becomes relatively smaller as 
the intensity grows larger. 

The much more critical comparisons of action spectra and of detailed kinetics 
have not as yet been made. The latter studies are trustworthy only with the 
purified in vitro system because of the destructive reactions in the crude er- 
tract, whose release and suppression are not under adequate control. To the 
extent that the two systems can be compared, however, there is no indication 
that they are essentially different, and in the light of the accumulated evidence 
in vivo it seems highly probable that the mechanism responsible for photo- 
reactivation of one organism has now been obtained in vitro. The problem of 
photoreactivation has thus become a problem in enzymology and photochemis- 
try to be attacked outside the organization and complexity of an intact 
cell. 


1 Just after this article was completed Northrop’s study (25) of the photoreversal 
of ultraviolet light—induced lysis of lysogenic B. megatherium 899a appeared. Nor- 
throp finds that his results agree with a proposal suggested by Novick and Szilard (5) 
that exposure to ultraviolet light results in the production of a toxic (mutagenic) 
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substance inside the bacterial cell and that this substance is inactivated upon expo- 
sure to white light. The experiments with the transforming factor do not fit this 
mechanism, 
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ABSTRACT 


Synaptic transmission was studied in giant synapses of the stellate ganglion of the 
squid. When bathed in air-saturated sea water, the synapses deteriorate in 10 to 20 
min.; if the sea water is saturated with 100 per cent oxygen, they function steadily 
for up to 12 hours. Optimal results probably require a medium with lower mag- 
nesium and higher calcium than the sea water used. 

Of eighteen compounds known to affect other synapses (Table I), none had stimu- 
latory effects when applied to the preparation, but ten produced synaptic depression 
in concentrations of 10-* gm. per ml. or higher. The only exception was procaine, 
which blocked at 6 X 10~* gm. per ml. 

Intracellular recording with microelectrodes near the synapse showed that the 
block was associated with a slower rise of the excitatory post-synaptic potential, 
without a change in the depolarization required to initiate the spike. Procaine was 
exceptional in also increasing the depolarization at which the spike occurred. 


The dimensions of giant synapses of the stellate ganglion of the squid allow 
the insertion of pipettes and electrodes into the pre- and post-synaptic axons 
close to the synapse and hence suggest the possibility of relating pharmacologi- 
cal activity to changes in structure and function in elements of a single synapse. 
The morphology of these synapses has been described in considerable detail 
(Young, 1939). Using extracellular recording, Bullock (1948) determined many 
of their neurophysiological properties. Recently intracellular recording with 
microelectrodes with application of electrical currents through the synaptic 
membranes (Bullock and Hagiwara, 1955, 1957; Tasaki and Hagiwara, 1957) 
has led to the conclusion that electrical current flow from the pre- to the post- 
axons cannot account for impulse transmission across the giant synapse. The 
latter investigators as well as others (Fatt, 1954; Grundfest, 1957; and Eccles, 


1957) have consequently postulated that chemical transmission must operate 
at this junction. 


* This work was accomplished during tenure of a Lalor Fellowship. 
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The electrical evidence for chemical transmission depends mainly on the 
following findings: (1) There is a true delay after arrival of the pre-synaptic 
spike before onset of the excitatory post-synaptic potential (e.p.s.p.). (2) There 
is little direct electrical change in the post-axon due to the pre-axon actioy 
potential, (3) The e.p.s.p. can add to an antidromic spike during a period of 
probable electrical refractoriness. Several other properties such as unidirer. 
tional transmission and the characteristics of the e.p.s.p. are likewise compati- 
ble with the chemical transmission theory as generally conceived. 

If transmission at this synapse is chemical, then a pharmacological charac. 
terization of the process would make this structure more useful as a model of 
synaptic transmission. Bullock (1948) showed that DFP blocked the giant 
synapses in about the same concentration which blocked axonal conduction, 
Apart from this observation there has been no systematic study of drug action 
upon them. With the latter in mind several substances known to be active at 
other synapses were applied externally to the stellate ganglion and their effects 
upon transmission were determined. 

In previous investigations, the survival of the functioning, excised giant 
synapse has been brief. In the preliminaries of this investigation, it was demon- 
strated that a stable preparation may be made by saturating the bathing solu- 
tion with oxygen. 


Materials and Methods 


Squid were obtained from the collection department of the Marine Biological 
Laboratory at Woods Hole, Massachusetts. Twelve adults and a few dozen freshly 
hatched squid were used in preliminary in vivo experiments. Almost all electrical re- 
cording procedures were carried out on excised ganglia. A total of ninety-five stellate 
ganglia with functioning giant synapses were excised from sixty-seven mature squid, 
Loligo pealiit. The dissection technique with some modifications was essentially that 
of Bullock (1948). 

For extracellular recording the stellate ganglia were removed bilaterally along with 
about 2 cm. of the preganglionic, pallial nerve, and 4 cm. of post-ganglionic, last 
stellar nerve, in a cooled (10-20°C.), running, tap-sea water trough. The other stel- 
lar nerves were cut at the border of the ganglion. The dissection time averaged about 
15 min. for the first, and 20 min. for the second ganglion to be removed, from the 
time of decapitation. The extreme ends of the pre- and post-ganglionic nerve trunks 
were tied with lengths of silk thread which were used to transport the preparation. 
The fin nerve was usually allowed to remain attached the full length of the prep- 
aration for mechanical support; its presence did not interfere because of the ease of 
selective stimulation and recording from the giant axons. 

The excised ganglion preparations were kept in finger-bowls, 10 cm. in diameter 
by 4 cm. deep, which contained 200 ml. of the bathing medium. The threads were 
placed over the edge of the bowls in such a way as to keep the preparation free from 
contact with the sides. The bathing medium was either filtered Woods Hole se 
water or an artificial “chloride sea water” with the following composition: NaC, 
440.0; KCl, 9.0; CaCl, 9.0; MgCl, 53.4 mm per liter. The sodium, potassium, and 
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calcium values (Steinbach, 1939), and the magnesium value (Page, 1927) were based 
on analyses of Woods Hole sea water. Control studies indicated no difference in 
synaptic function between natural and the chloride sea water media. In the mag- 
nesium and calcium studies, increases or decreases in these ions were compensated 
osmotically by changing the NaCl content of the artificial medium. 

The bathing medium was kept at tap-sea water temperature by placing the finger 
bowl in the running sea water trough. The temperature did not vary more than a 
few degrees C. in the course of any one experiment. The solution in the finger-bowls 
was kept saturated with oxygen and stirred by constantly passing vU.S.P. grade, 100 
per cent oxygen into the solution at a high rate through fine gas dispersers. The ef- 
ects of drugs were determined by transferring a preparation from control solution 
to another finger-bowl of similar temperature and oxygenation but containing the 
drug. 

onlin transmission was tested by removing the preparation from the bathing 
medium to a lucite electrode strip containing parallel 5 mil silver wires in shallow 
grooves, for stimulating and recording. Pre-nerve stimulation was by 0.1 msec. square- 
wave pulses. Post-giant axon action potentials were displaced on a cathode ray os- 
cillograph, and were easily distinguished from the small fiber action potentials. It 
was more difficult to distinguish pre-axon spikes from other pre-nerve trunk spikes. 

A standard operational sequence was adhered to for the drug studies. The testing 
procedure took about 30 sec. “‘Transmission delay” was first measured with constant 
dectrode position at 5 stimuli per sec. It includes conduction time in short lengths of 
pre- and post-axons, synaptic delay, and depolarization time of the e.p.s.p. Spon- 
taneous activity became evident with some drugs during this test. The frequency was 
then increased to 50 per sec. for 5 sec., during which changes in delay and tendency 
to fatigue were noted. The frequency was then abruptly returned to 5 per sec. to ob- 
serve any post-tetanic changes. The preparation was immediately replaced in the 
medium. This cycle of events could in the control situation be repeated for hours at 
5- or 10-min. intervals, with little or no alteration in the observed quantities. When 
block occurred for any reason, pre- and post-axon conduction were always checked 
to insure that the blockade was not due to the failure of this and was therefore synap- 
tic block. 

For intracellular recording, the ganglia were removed with shorter pre- and post- 
nerves. Since it was not required that the pallial nerve be removed from inside the 
brain case, excision usually took only 5 to 10 min. from decapitation. Threads tied 
to the ends of the pre- and post-nerves were pressed into bits of clay on a microscope 
slide, stretching the preparation slightly. The slide was placed in cooled (10-15°C.) 
oxygen-saturated, sea water medium with the giant fiber lobe downward. The gang- 
lion sheaths and other structures were stripped away from about the giant synapse 
under a binocular microscope using fine instruments. A critical combination of oblique 
and transmitted light was necessary for seeing the various parts of the giant synapse. 
The pre- and post-axons were horizontal. A 3 M KCl-filled, long taper, glass micro- 
electrode was then inserted at a 45° angle into one of the synaptic elements, usually 
the post-axon at a point estimated to be center of the synaptic contact. The tissues 
above the synapse could be penetrated easily without breakage by tapping the mi- 
cropositioner while slowly advancing the electrode tip. The micropipette tip diam- 
eters ranged from 0.2 to 5.0 micra. The microelectrode preamplifier was of the nega- 
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tive capacity type described by Haapanen and Ottoson (1954). Potentials were 
recorded at high and low gain simultaneously on a dual beam oscillograph. 


RESULTS 
1. Extracellular Recording 


(a) Influence of Oxygen Content of Medium.—Of twenty-seven ganglia in 
which there was evidence that both pre- and post-axons were functional, eight 
were kept in cooled sea water (10.5-14.6°C.) and the remainder in warmer 
running tap-sea water (18.3-20.0°C.). There was no apparent difference be 
tween cooled and uncooled preparations. Stimulation of the pre-nerves eve 
at relatively low rates; e.g., 5 per sec., almost always produced marked fatigue. 
Less than half (ten) of these preparations transmitted for longer than 10 min, 
Those ganglia which did transmit were highly unpredictable as to their maxi- 
mum transmission rate and other measured properties and were too variable 
for the proposed drug studies. 

The fact that a few impulses were transmitted immediately before complete 
failure suggested that block was a failure to recover from a previous impuls 
rather than a result of tissue trauma. The possibility of some metabolic de- 
ficiency in the recovery process seemed likely. Saturation of the bathing me- 
dium with pure oxygen was tried and resulted in a profound improvement in 
the ability of the giant synapse to transmit impulses. The first two prepara 
tions thus treated transmitted at much higher rates than previously with very 
short delays for spike initiation. Both these preparations were tested frequently 
and were found to remain in the same relatively good condition for over 12 
hours, at which time the experiment was terminated. The ability of high oxy- 
gen to maintain transmission for long periods was repeatedly confirmed. Ex- 
cised ganglia placed in oxygen-saturated sea water usually showed decreasing 
fatigability and shortening delays for the first few minutes, presumably due to 
the restoration of oxygen after the ischemia during dissection. Solutions satu- 
rated with oxygen were used in all drug studies reported below. 

In an attempt to quantify the oxygen effects, two preparations were tested 
while being transferred alternately between media saturated with air or 10 
per cent oxygen. Fig. 1 illustrates the results. Within a short time (15 min) 
after placing the preparation into the oxygen-saturated medium, it was able 
to transmit all test impulses at 50 per sec. presented to it in the period of 5 sec. 
The transmission delay also fell to a lower value during this period. Whe 
placed in the air-sturated medium the situation was reversed; the prepara- 
tion transmitted a small fraction of the test burst and the transmission delay 
increased. The actual oxygen concentrations as determined at 20°C. by the 
Winkler manganous acid-iodide method were 4.7 ml. per liter of sea water for 
the air-saturated medium and 21.8 ml. per liter for the oxygen-saturated me 
dium. 
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Before he effects of drugs could be determined criteria for normal trans- 
mission were necessary. Transmission delay was between 1.5 and 2.1 msec. in 
ontrol preparations and increased to 2.8 to 6.0 msec. during development of 
synaptic blockade. In oxygen-saturated sea water with few exceptions the 
synapses could be depended on to transmit each response at a pre-axon stimu- 
ation rate of 50 per sec. up to 20 or more sec. before increase in transmission 
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Fic. 1. Effects of alternate transfer between air-saturated and oxygen-saturated 
va water on synaptic transmission in the giant synapse of the squid. Broken line, 
transmission delay. Unbroken line, per cent of impulses at 50 per sec. transmitted in 

5 sec. period. 





delay occurred. Return to normal could then immediately be achieved by 
dropping the frequency to 5 per sec. It was usually possible to raise the fre- 
quency again to 50 per sec. and see fatigue after fewer stimuli than with the 
first burst. After replacement in oxygenated medium for about 5 min., the 
fatiguing process was similar; and this could usually be repeated several times. 
Since with this procedure there was sometimes a tendency toward cumulative 
block, the less strenuous challenge described under Method was offered to the 
synapse; the 50 per sec. bursts were limited to 5 sec. every 5 to 10 min. 

b) Effects of Drugs.—Table I summarizes the action of eighteen compounds 
on giant synapse transmission tested as described.' With these agents no evi- 
dence of synaptic excitation per se was ever observed. With tubocurarine, tetra- 


‘Gamma-aminobutyric acid, meprobamate, morphine, betaine, chlorpromazine, 
and carbachol at relatively high concentrations (3 X 107‘ to 1 X 107% gm. per ml.) 

ino effect on the controls up to 60 minutes. Cyanide and 2 ,4-dinitrophenol blocked 
he synapse at the lowest concentrations (1 X 107° gm. per ml.) of any agents em- 
ployed thus far. Potassium produced reversible block, probably by depolarization, at 
concentrations between 18 and 36 mm per liter. 
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ethylammonium, and physostigmine at high concentrations there o casionally 
occurred some spontaneous activity in the post-axon. Since diphasic recording 
indicated that impulse generation was occurring from the tied end of the axon 
to the same extent as from the synaptic end, this effect is concluded to be ax. 
onal rather than synaptic. The only other effect observed within 60 minutes’ 


exposure was synaptic depression. The pattern of synaptic depression as ob. 


TABLE I 





Total | : . aan 
No. ex-| Maximum concentration Minimal concentration 


peri- ineffective in 55 or more | producing synaptic block- 
ments min. age in less than 60 min 





| 


gm./ml. | gm./ml. min.* 
1X 10? | 
3x 10° 
1x 10% 3X 107 
1 5X 10% 1X 10° 
1X 10° | — 
1 x 10° | | 3X 10° 
3X10 | 66; 78 — 
3x 10 | 109; 111 
1X 10 | 122; 133 
1X 10 | 150; 150 | 


d-Tubocurarine chloride 
Atropine sulfate 
Tetraethylammonium bromide 
Hexamethonium chloride 
Acetylcholine chloride 
Nicotine hydrochloride 
Neostigmine methylsulfate 
Physostigmine 
Epinephrine bitartrate 
Levarterenol bitartrate 
Tyramine hydrochloride 
Procaine hydrochloride 


mau 


Serotonin creatinine sulfate 
Histamine diphosphate 
Caffeine 


mR wre NF NH tH UW NO 


1X 10° | 100; 100 | 
3 xX 10° 120 


~ 
= 


Strychnine sulfate 3 1 X 10 60 3X 

Barbital sodium 1 — — 3X 

Pyrexin (Menkin, 1945) 1 3 X 10+ 120 - 
* Each number represents one experiment at this concentration. 
t Incomplete block to 20 per cent transmission. 


served with extracellular recording was similar for all these agents and resem- 
bled the depression produced by prolonged tetanization or anoxia. The earliest 
event to occur was the lengthening of “transmission delay.” With further ex- 
posure this increased, transmission block appeared during the 50 per sec. burst, 
and eventually blockade occurred with low frequency or even with single 
shocks. There was no noticeable change in pre- or post-axon threshold except 
with procaine, which produced an increase. Procaine did, however, produce 
synaptic biock before axonal conduction block occurred. 

Upon return of the blocked preparation to drug-free medium, complete re- 
covery occurred within 50 min. when the block had been produced by tetra- 
ethylammonium (one of two preparations), hexamethonium, procaine, and 
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-affeine. In the rest of the experiments of Table I, recovery was absent or in- 
complete in 30 to 75 min. 

(c) Changes in Magnesium, Calcium, pH, and Osmotic Pressure.—The effects 
of varying the concentration of magnesium and calcium in the medium were 
also studied. If the normal magnesium concentration of the medium (53.4 mm 
yer liter) were doubled, synaptic transmission was depressed in the same man- 
net previously described for the agents in Table I. Block was produced in 30 
min. and recovery was effected within 20 min. in normal medium. In either 
magnesium-free or in 10 per cent (5.3 mm per liter) magnesium media there 
vas much spontaneous activity. Rapid bursts of spikes occurred after a single 
orthodromic stimulus. There was also spontaneous antidromic post-axon activ- 
‘ty, indicating that this was not a purely synaptic phenomenon. 

‘The normal calcium concentration (9.0 mm per liter) was tripled in two 
preparations. This resulted in improvement in transmission as indicated by 
decreased transmission delay and less tendency to fatigue for at least 35 min. 
Decreases in calcium concentration or changes in the other ions of the medium 
were not attempted. 

Since many of the test solutions (section 5) were in high concentration and 
unbuffered, controls for pH and osmotic pressure were made. No effects due 
to pH were noted in a range from pH 6 to pH 9; nor were effects seen within 
6) min. when the osmotic pressure was changed by plus or minus 20 per cent. 


2. Intracellular Recording 


To characterize better the action of several agents intracellular recordings 
were made from the post-axon as close to the synaptic center as possible. Con- 
trol studies with orthodromic stimulation without drugs gave intracellular re- 
cordings similar to those reported by Bullock and Hagiwara (1955, 1957). 
Resting potentials of about 50 mv. with action potentials of about 100 mv. 
were usually obtained. Synaptic delay could be evaluated ina few experiments 
i which it was possible to see the pre-spike artefact in the recording, and it 
amounted to between 0.5 and 1.0 msec. at 20°C. In the unfatigued preparation 
the inflection point at which the spike develops out of the e.p.s.p. was difficult 
io discern because of the rapid rise of the e.p.s.p. In the slightly fatigued or 
partially blocked preparation (no drugs) the inflection point could be seen 
and indicated a critical depolarization of approximately 10 to 15 mv. Occa- 
sionally the spike undershoot was very small in the synaptic region with both 
rthodromic and antidromic stimulation. An orthodromically induced e.p.s.p. 
ould be superimposed on an antidromic spike at about the middle of its falling 
phase; z.e., at 0.5 msec. from the beginning of the spike, as previously shown by 
Bullock and Hagiwara (1957). 

The effects of an active concentration of tetraethylammonium (3 X 107 
gm. per mi.), caffeine (6 X 10-* gm. per ml.), nicotine (3 K 10-* gm. per ml.), 
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procaine (1 X 10~* gm. per ml.), and 106.8 mm per liter magnesium were ob- 
served with intracellular recording. After control recordings, the drug was 
added to the bathing medium. Oscillograph recordings were made frequently 
until synaptic block occurred. The response to single shocks as well as {, 
tetanic bursts was observed. The drug was then washed away and recovery 
followed. 





CONTROL 


50 MILLIVOLTS 


40 MIN. 40.5 MIN. "RECOVERY (21 MIN) 
+ 1 MILLISECOND 











Fic. 2. Effect of procaine on the giant synapse of the squid. Intracellular record 
ing. Each record represents a short burst of stimulation at 50 per sec. before (cor 
trol) or at the times indicated in relation to exposure to procaine hydrochloric 
(1 X 10-* gm. per ml.), 


All the agents in this group with the exception of procaine followed a similar 
pattern while transmission blockade developed. The development of synapti 
block with tetraethylammonium was typical. With increasing exposure to tetra- 
ethylammonium there was produced a decrease in slope of the e.p.s.p. accom- 
panied by increased depolarization time before spike initiation and increased 
tendency to fatigue with the tetanizing burst. There was little change in criti- 
cal membrane depolarization required to initiate the spike and no significant 
change in the synaptic delay; i.e., the time from pre-spike artefact to the be- 
ginning of the e.p.s.p. 

The exception to this group, procaine, is illustrated in Fig. 2. Procaine de- 
creased the rising slope of the e.p.s.p. as did the other compounds. It also pro- 
duced a progressive increase in membrane depolarization required for spikt 
initiation from about 15 to 30 mv. as block developed. Thus with procaine 
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transmission fails despite a relatively large e.p.s.p. The resting membrane po- 
tential measurements would be of value in determining whether the induced 
blockade was accompanied by slow membrane potential changes. Resting mem- 
brane potentials recorded at the synapse over long periods were unsatisfactory 
because of anomalous electrode changes and drift which occurred if the elec- 
trode was merely left in; or because of progressive injury if the synapse was 
repeatedly punctured. 

In two preparations, while recording from the post-axon at the synapse, 
several cubic millimeters of a 10 per cent solution of acetylcholine chloride were 
directed externally to the synapse through a small pipette which had pene- 
trated the connective tissues immediately over the synapse. No effects were 
observed either in membrane resting potential, e.p.s.p., or action potential. 


DISCUSSION 


Our electrophysiological findings confirm those of Bullock and Hagiwara 
(1957). Previous investigations have not recognized the vital role of oxygen in 
maintaining constant the properties of the giant synapse. The relative indif- 
ference of the function of the giant axon with respect to oxygen supply is in 
striking contrast to the dependence of the synapse. Bullock (1948) showed that 
the giant synapse responded to anoxia with increased synaptic delay and de- 
pression of the slope of the e.p.s.p., with consequent delayed origin of the spike. 
These effects were not quantified but were said to be similar to the effect of 
cooling the ganglion. The survival of the preparation was not considered in 
relation to the oxygenation of the medium. In the more recent studies of Bul- 
lock and Hagiwara (1957) cooling and aeration probably increased survival of 
the preparation; presumably to the level shown for air-saturated media in 
Fig. 1. Failure of their preparations may have been associated with hypoxia 
rather than with trauma as they suggested. 

Baglioni (1905) and Frélich (1910) described and quantified a similar high 
oxygen requirement for transmission in the stellate ganglion of the octopus. The 
fact that the octopods lack giant axons or synapses in their stellate ganglia 
(Young, 1936) makes these findings difficult to relate to the squid problem. A 
host of observations indicates the relatively great oxygen need of the squid for 
integrated activity (Redfield and Goodkind, 1929; Prosser, 1950). It is not 
surprising to find such need reflected in the activity of the giant synapses. 

Lowering the magnesium concentration of the sea water medium increased 
axonal excitability and improved synaptic transmission up to the point at 
which spontaneous axon spikes appeared. Doubling the magnesium concentra- 
tion resulted in synaptic block. These results suggest that a magnesium con- 
centration lower than normal would allow better synaptic function. It is 
possible that im vivo the magnesium concentration outside the giant synapses 
is lower than that of the sea water used here. Considering the improvement 
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with raised calcium concentration perhaps a better medium would also contain 
more of this ion. 

Although electrical studies support the notion that a chemical mediator js 
involved in transmission through the giant synapses, as yet no pharmacological 
data support the proposal. In these studies the synapses were neither excited 
nor blocked by any of the well known synaptic agents in concentrations one 
would expect to be released at a synapse. The drugs were, however, applied ex. 
ternally, and the lack of immediate effects at low concentrations may indicate 
the presence of a penetration barrier. The fact that a heterogeneous group of 
compounds almost all had the same depressant effect in high concentration 
offers little encouragement toward identifying a chemical mediator. Although 
the block was in all cases clearly synaptic rather than axonal, the manner in 
which it developed was the same with the drugs as with such changes as hy. 
poxia, damage, cooling, or fatigue. 

The largest group of agents tested was that active at cholinergic synapses: 
acetylcholine, tubocurarine, atropine, tetraethylammonium, hexamethonium, 
nicotine, neostigmine, and physostigmine. In spite of the proposed role of 
acetylcholine in the function of the giant axon (Nachmansohn, 1955), the agents 
which stimulate cholinergic synapses did not stimulate the giant synapse. Some 
of those which block cholinergic synapses did block here, but only in high con- 
centrations. In preliminary experiments, large amounts of tetraethylammonium 
or nicotine were injected into the blood vessels of whole squid. The mantle 
contractions and the heart beat soon ceased. The animals were thereupon 
opened, and the pre-axons were stimulated. Mantle contractions resulted and 
in some preparations post-axonal spikes were found to be present. Hence these 
drugs had not interfered with the function of the giant synapses and must be 
concluded to have acted more centrally. In juvenile squid, nicotine can cause 
“mantle convulsions” (Moore, 1919). This action appeared to be selective for 
the head ganglion and not for the stellate ganglion, as we have confirmed. Moore 
also found atropine to affect head ganglion but not stellate ganglion in juvenile 
squid. Here again, though reaching the head ganglion, these compounds may 
have been excluded from the giant synapse. 

Serotonin, epinephrine, levarterenol, tyramine, and histamine are other can- 
didates for the role of “transmitter substance” not supported by these experi- 
ments. Serotonin has been identified in the nervous system of cephalopods by 
many workers (Welsh, 1955) and has been proposed as an Aktionssubstans in 
these forms (Florey and Florey, 1954). One or more of the adrenergic agents 
have been shown to stimulate heart action (Ostlund, 1954); the chromatophore 
system (Sereni, 1930); or visceral muscle (Ungar, 1937) in cephalopods. Though 
the identification of adrenergic substances in the squid (Loligo) has not been 
satisfactory, amine oxidase activity is present to a large extent in its nervous 
tissue (Blaschko and Himms, 1954). 
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The remaining substances affect the mammalian central nervous system in 
various ways. In squid, caffeine (1 X 10~ gm. per ml.) stimulates the head 
ranglion, whereas strychnine (2 X 10 gm. per ml.) seemed to stimulate both 
head and stellate ganglia of small squid (Moore, 1917, 1919). Although 
we confirmed Moore’s findings in immature squid, strychnine did not stimu- 
late the adult excised ganglia. It is not clear that the giant synapses are in- 
yolved in the mantle excitation produced by strychnine. If they are, perhaps 
the absence of integrated control through the various neuronal pathways in 
the excised preparation prevents seeing the strychnine effect. This factor may 
operate for many of the other agents as well. 

Procaine was the most potent of the blocking agents. The high potency may 
arise from the fact that procaine adds to the action of the other agents an in- 
crease in electrical threshold of the post-axon to the e.p.s.p. This effect is con- 
sistent with the known actions of local anesthetics on axonal excitability. Be- 
cause of the increased threshold, block appeared before much decrease in the 
slope of the e.p.s.p. had occurred. 
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ABSTRACT 


A direct titration method for the determination of proteolytic activity is discussed. 
This involves the potentiometric measurement of the volume of 0.08 n NaOH re- 
quired to maintain a constant pH (8.0) during the time of the hydrolysis. It is a 
sensitive method which presents several advantages; vis., it measures simultaneously 
protease and esterase activity, it follows the hydrolysis very closely and from the first 
stages; the titration is continuous and on the same sample. This method determines 
aconstant fraction of the groups titratable by formol titration. The ratio formol:direct 
titration is represented by a factor “/” which is presumed to be distinct for each 
protein-enzyme system. 

Kinetic studies, using this method, revealed that the rates of hydrolysis of mixtures 
casein-gelatin on one hand, casein-BAEE or gelatin-BAEE on the other, are always 
larger than those of the corresponding isolated substrates. In many cases the resulting 
rates are equal or nearly equal to the sum of the individual rates, even though the 
mentioned rates have been determined within the saturation zones for every substrate. 

The former observations are inconsistent with the theory of the formation of an 
intermediary enzyme-substrate compound, unless it is assumed that the enzyme has a 
specific active group for each substrate. 


In a previous paper (1), evidence was presented to show that Northrop’s 
phenomenon, an anomaly in enzymatic kinetics first described by Northrop 
(5, 6), holds good for enzymatic systems other than trypsin-casein-gelatin. 
It was demonstrated that the addition of gelatin does not affect the rate of 
hydrolysis of casein or hemoglobin by trypsin, papain, or pepsin. It was then 
thought of interest to investigate whether such independent hydrolysis also 
occurs in protein and ester systems and in the presence of substrate-saturated 
enzymes. 

The need to determine esterase and protease activity gave rise to a search 
for adequate methods. The usual procedures for the measurement of proteo- 
iytic activity do not determine initial steps of hydrolysis, and these are not the 
best conditions for comparison with ester hydrolysis which is a very simple 
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reaction. In this paper a method is presented to measure either protease or 
esterase activity. Additionally, this method determines the first stages of 
protein hydrolysis, and comparisons under favorable conditions are made 
sible. The results of a series of studies on the simultaneous hydrolyses by tryp- 
sin in several systems are also given: (1) casein and gelatin in variable concen- 
trations, (2) benzoyl-t-arginine ethyl ester and casein or gelatin, and (3) 
benzoyl-L-arginine ethyl and methyl esters. 


Materials and Methods 


Enzyme.—F our times recrystallized trypsin, starting with Worthington preparation 
once crystalline trypsin with about 50 per cent MgSO,. 

Proteins.—Difco gelatin purified according to Northrop and Kunitz’ procedure 
(7) and Hammarsten cas-in. 

Esters.—Benzoyl-t-arginine methyl ester HCl (BAME) lot number 1237 an 
benzoyl-t-arginine ethyl ester HCl-H;O (BAEE) lot number 1946 were Mann prepa- 
rations. . 

Determination of Proteolytic and Esterase Activities—A method of direct potentio. 
metric titration, based on the titrimetric determination of esterases (2), was applied 
to measure proteolytic activity. The procedure was as follows: the protein was dis- 
solved in 0.1 m phosphate buffer at pH 8 and 10 ml. of the desired concentration placed 
in a vessel in a constant temperature bath. The electrodes of a Beckmann model 
“G” pH meter were introduced into the liquid, and pH adjusted to 8 (null point), 
Then 0.1 ml. of 0.08 n NaOH was added and the solution stirred, the galvanometer 
needle being then deviated. The enzyme dissolved in 0.1 ml. of 0.005 n HC! was then 
added, and an electrical time recorder (“Precision time-it” which registers 0.01 min- 
ute) started when the galvanometer needle returned to zero. A small increment of 
NaOH was delivered from a microburette with a capillary tip and the solution stirred 
thoroughly. The continuously appearing hydrolysis products progressively neutralize 
the excess of alkali. The time was recorded at the precise moment when the solution 
pH again fell to the null point value; i.e., at the point of total neutralization. Suc- 
cessive portions of NaOH solution, never more than 0.1 ml., were then added and 
the procedure continued for 30 minutes with proteins or to the end of the reaction for 
esters. The course of the hydrolysis was represented by the increase in NaOH con- 
sumption against time. 

As the protein rate of hydrolysis (in opposition to that of the esters) decreased with 
time, the volume of NaOH solution added each time was progressively diminished 
in such a way that the time interval between two consecutive points was 2 minutes 
at most. The pH variation was not greater than 0.05 unit in any case (2 to 3 gal- 
vanometer divisions). 

Apparently, the direct titration method would yield better results if more dilute 
buffer were used. The study of the effect of several concentrations of phosphate 
showed that this supposition was not quite correct. For protein concentrations up t 
3 per cent, the direct titration in the presence of 0.01 or 0.015 m phosphate buffer gave 
satisfactory results. Larger protein concentrations, and especially mixtures, gavt 
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sige to variable results and sometimes the later steps of the hydrolyses were delayed. 
probably this effect could be ascribed to great elevations of pH produced by the 
sddition of the adequate volume of NaOH solution without sufficient buffer to balance 
it. The resulting alkalinity could inactivate the enzyme to greater or lesser extent. 

In special cases (isolated proteins or proteins with esters), a low concentration of 
buffer may be convenient, but for the comparison of various concentrations of isolated 
ind mixed proteins, 0.1 M phosphate was found more satisfactory since it gave con- 
stant results in every case. 

When comparative determinations were carried out, the same enzyme solution was 
sed; this was kept at about pH 2.5 (0.005 n HCI) and within a container with ice in 
order that the activity should remain constant. 

Formol titration was performed in the following manner: 15 ml. of the selected 
concentration of protein in 0.1 m phosphate buffer was placed in a container and 
equilibrated in a constant temperature bath, and 0.15 ml. of the enzyme solution 
added. Immediately, a 1 ml. sample was drawn off and mixed with 0.5 ml. of neutral 
formaldehyde solution. Equal samples were drawn at 5 minute intervals. The titration 
was done potentiometrically with 0.02 n NaOH solution to pH 8.2 as the end point. 
In this way, fewer variations are obtained as compared with the titration in the 
presence of phenolphthalein. 

Nitrogen determinations on the enzyme solutions were made by the microKjeldahl 
method. 


RESULTS 
Direct Titration of Protein Hydrolysis 


The direct potentiometric titration was found to be a sensitive method that 
gave satisfactory results for following the course of hydrolysis of casein and 
gelatin by trypsin. The results obtained were reproducible within a few hun- 
dredths of a milliliter. The direct titration increased with substrate and en- 
zyme concentration and with temperature. 

Fig. 1 shows the hydrolyses of different concentrations of gelatin and casein 
brought about by the same trypsin solution in order to determine saturation 
curves. The saturation zones for both proteins are observable from a 3 per cent 
concentration onward and extend from zero to about 4.5 minutes (0.35 ml. of 
0.08 n NaOH) for gelatin, or 6 minutes (0.3 ml. of NaOH) for casein. 


Comparison of Direct Titration with Formol Titration 


A parallel study has been made of direct and formol titrations to determine 
the correctness of the first method as a measure of protein hydrolysis. The 
comparative curves for gelatin digestion are plotted in Fig. 2 and for casein in 
Fig. 3. The quantity of NaOH required for the direct titration was smaller 
than that used in the formol titration. However, the courses of the hydrolyses 
followed by both procedures are very similar, in that each two corresponding 
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points at a given time maintain a constant ratio. This ratio can be expressed 
as a factor 


Milliliters 0.02 w NaOH required in formol titration 
4 X ml. 0.08 w NaOH used in direct titration 





f= 


in which both numerator and denominator values are calculated for the same 
volume of digestion mixture; ¢.g., 10 ml. 
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Fic. 1. Tryptic digestion of several concentrations of gelatin and casein using the 
direct titration method. Temperature, 35°C. Buffer; 0.1 a KHsPO,-NasHPO, pH § 
Volume of digestion mixture, 10 ml. 
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Fic. 2. Comparison of direct and formol titrations with various concentrations of 
gelatin. The upper figure represents the direct titration curves, and the lower, the 
formol curves. The f value given for each curve is the corresponding average value for 
the ratio formol:direct titration. The x signs plotted on the direct titration curves are 
points calculated by dividing the corresponding data of formol titration by f. Enzyme, 
aystalline trypsin. Temperature, 35°C. Buffer, 0.1 mu phosphate pH 8. All data refer 
to 10 ml. of digestion mixture. 
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The upper portions of Figs. 2 and 3 represent the courses of direct titrations 
and the lower ones the formal titration curves. The x signs plotted on the up 
curves are points calculated by dividing the corresponding data of the formol 
titration by “f.” For the calculation of the values of f, 20 pairs of determinations 


CASEIN 


mi.0.08N NaOH 
oO 


Direct titration 





CASEIN 


Formol titration 
ml. 0.02N NaOH 








' ' 


10 20 30 min. 
Time 
Fic. 3. Comparison of direct and formol titrations for various concentrations of 
casein. The upper figure shows the direct titration curves, and the lower, the formol 
titration curves. The f values indicated for each curve are the corresponding average 
values for the ratio formol:direct titration. The x signs plotted on the direct titration 
curves are points calculated by dividing the corresponding data of formol titration by 
f. Enzyme, crystalline trypsin. Temperature, 35°C. Buffer, 0.1 m phosphate pH 8. 
All data refer to 10 ml. of digestion mixture. 
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were performed for each protein, four for every concentration. The same tryp- 
in solution was used for each pair of determinations. The average for every 
concentration is given for the respective curve. 

It may be noted that the factor is independent of the protein concentration. 
The following average factors were obtained: casein 1.364 with a standard 
geviation +0.023, gelatin 1.727 + 0.028 (mean computed from the indi- 
vidually pooled data for each concentration). The computation of the averages 
of the whole number of determinations independently of the concentration 
gave the factors 1.363 + 0.082 for casein and 1.735 + 0.048 for gelatin. 

Fig. 4 demonstrates the comparative results of direct and formol titrations 
in mixtures of equal concentrations of casein and gelatin. The final mean fac- 
tor was 1.575 + 0.023, a value very similar to the average of casein and gela- 
tin factors, 1.55. For the purpose of determining whether the difference be- 
tween these values was of statistical significance, Student’s “?” test was 
applied. The results showed this difference to have no significance. Hence, it 
can be concluded that the factor of a mixture of equal concentrations of casein 
and gelatin is the mean of the individual factors. 

The constant ratio between formol and direct titration must be ascribed 
to distinct groups titrated by the two methods. Though there is no certainty 
about which groups are titrated directly, the greater consumption of alkali 
in the presence of formol possibly may be due to those groups which are known 
to shift their dissociation constants as the effect of formaldehyde. 

French and Edsall (3, 4) have presented extensive reviews on the reaction 
of formaldehyde with amino acids and proteins. In Edsall’s review (3), the 
titration curves of gelatin in aqueous and 1 per cent formaldehyde solutions 
are presented. Both curves are identical up to pH 5.5, and diverge widely 
afterwards, the greater difference being observed between pH 8 and 9. This 
author infers that the point at which the divergence is first apparent represents 
the end of the zone in which carboxyl groups are being titrated and the be- 
ginning of the titration of the imidazole groups. Steinhardt and Zaiser (10) 
agree in that carboxyls are titrated up to pH 5.5, and imidazolium groups from 
about 5.5 to 8. Above pH 8 ammonium, phenoxy, sulfhydryl, and guanidinium 
groups are titrated. In addition to these data, the authors mentioned state 
that in the formol titration of a protein the apparent dissociation equilibrium 
of the «ammonium groups of lysine is displaced 3 units toward acid pH, and 
that the differential titration with and without formol gives the number of 
«ammonium groups. The ionization of imidazolium groups can also be affected, 
unless the differential titration is carried out at pH 8.5, where there is no 
interference of imidazolium or a-ammonium groups. Formol does not affect 
tither carboxyl or phenoxy! groups. 

The values of the dissociation constants found for titratable groups in pep- 
tides and proteins differ from those for free amino acids. The curves of direct 
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titration in this paper represent the titration of groups that are being freed 
in the course of hydrolysis. Notwithstanding the different experimental con- 
ditions in titration curves of proteins as such and direct titration of enzymatic 
protein hydrolyses, it may be inferred that the greater titration values of 
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Fic. 4. Comparison of direct and formol titrations for various mixtures of equal 
concentrations of casein and gelatin. The f values indicated for each curve in the upper 
figure are the corresponding average values for the ratio formol:direct titration. 
The x signs plotted on the direct titration curves are points calculated by dividing the 
corresponding data of formol titration by f. Temperature, 35°C. Enzyme, crystalline 
trypsin. Buffer, 0.1 s phosphate pH 8. All data refer to 10 ml. of digestion mixture. 
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Fic. 5. Tryptic digestion of various mixtures of casein and gelatin, represented 
by the increase in direct titration of the mixtures and of each protein separately. 
Arrows indicate the stages at which the rates of hydrolysis given in Table I were 
calculated. Temperature, 35°C. Buffer, 0.1 « phosphate pH 8. 
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formol titration are possibly due to €-ammonium groups and in part to imid. 
azolium groups, since both of these are affected by formol at pH 8.2. 


Experiments with Protein mixtures 
A series of experiments with casein and gelatin in different Proportions was 
carried out. Throughout all the experiments, at least one of the proteins was at 
a saturation level; i.e., 3 to 5 per cent. The addition of 1 per cent gelatin to 4 
per cent casein increased markedly the titration curve from the first minutes of 
hydrolysis. The same happened when 3, 4, or 5 per cent gelatin was added to 


15> 


mil. 0.08N NaOH 
& 








20 30 min. 
Time 
Fic. 6. Effect of the addition of 2 per cent casein and 2 per cent gelatin on the 
rate of hydrolysis of 3 per cent casein. Direct titration method. The arrows indicate 
the stages at which the rates of hydrolysis given in Table I were calculated. Tempera- 
ture, 35°C. Enzyme, crystalline trypsin. Buffer, 0.1 m phosphate pH 8. 


the same concentration of casein (Fig. 5). Fig. 6 shows that while the addition 
of 2 per cent casein to 3 per cent casein caused no change in the rate up to 9 
minutes (saturation zone), the addition of the same proportion of gelatin did 
give rise to an increased rate of reaction. In Table I the estimated rates for 
each experiment are given. The rates were calculated as the reciprocal of the 
time necessary for the consumption of 0.2 ml. of NaOH solution. This volume 
of alkali was chosen as the end point for the calculation of the rates because it 
is less than the value corresponding to the point at which the saturation stages 
finish. The arrows plotted on the respective curves indicate the points at which 
the rates were estimated. A noticeable increment in the rates of hydrolysis in 
the mixtures 1 per cent gelatin-4 per cent casein and 2 per cent gelatin-3 per 
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ent casein is observed when compared with the rate of pure casein. This 
fect is still more marked in the mixtures 3 + 3, 4 + 4, and 5 + 5 per cent 
of each protein when the resulting rates are equal, or nearly equal, to the sum 
of the individual rates. 


TABLE I 


Hydrolysis Rates of Protein and Protein with Ester Mixtures Calculated as the Reciprocal 
; of the Time of Consumption for 0.2 Ml. 0.08 n NaOH 





Substrate 


Time 


Rate 1/T 


Sums 





4 per cent casein 

1 per cent gelatin 

4 per cent casein + 1 per cent gelatin 
4per cent casein + 1 per cent casein 


3 per cent casein 
2 per cent gelatin 
3 per cent casein + 2 per cent gelatin 
3 per cent casein + 2 per cent casein 


3 per cent casein 
3 per cent gelatin 


0.182 
0.345 
0.256 


= 


0.227 
0.244 
0.323 
0.227 


0.227 
0.357 


3 per cent casein + 3 per cent gelatin ‘ 0.455 


4per cent casein . 0.250 
4per cent gelatin 
4per cent casein + 4 per cent gelatin 


5 per cent casein 
5 per cent gelatin 
5 per cent casein + 5 per cent gelatin 


3 per cent gelatin 
0.012 m BAEE 
3 per cent gelatin + 0.012 m BAEE 


3 per cent casein 
0.012 m BAEE 


3 per cent casein + 0,012 m BAEE 














Experiments with Ester and Proteins 


A plot of the reaction rate against weight of trypsin N in the system, similar 
to that previously reported by Schwert ef al. (8) for BAME, is given in the 
upper part of Fig. 7. The results obtained with BAEE bear a great resemblance 
to those described for BAME. These data confirm further findings of Schwert 
and Eisenberg (9). The tryptic hydrolyses of both esters are zero order reac- 
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tions throughout almost their total courses. It has been usually considered 
that zero order reactions can be ascribed to a complete saturation of the enzyme 
by the substrate. 

Since there is a very close relationship between both esters, not only in struc. 
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Fic. 7. Upper figure, hydrolysis of 0.012 m BAEE by various concentrations of 
trypsin expressed for each curve as milligrams of trypsin nitrogen present in the 
system. Lower figure, hydrolyses of 0.006 and 0.012 u« BAEE, 0.006 and 0.012 x 
BAME, and mixtures of 0.006 and 0.012 mw BAME with 0.006 and 0.012 u BAEE 
respectively, carried out with the same concentration of trypsin. The arrows indicate 
the end of the reaction for each respective concentration (T. T. = total titration). 
Temperature, 25°C. Buffer, 0.015 m phosphate pH 8. Digestion mixture, 10 ml. 
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ture but also in behavior toward trypsin, it was considered interesting to inves- 
tigate the manner in which the mixture of both substrates would be hydro- 
lyzed. In the lower portion of Fig. 7 the titration curves of two concentrations 
of each BAEE and BAME, 0.006 and 0.012 m were plotted. The increase of 
substrate concentration from 0.006 to 0.012 m does not change the speed of 
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Fic. 8. Hydrolysis of mixtures of BAEE with 3 per cent casein and gelatin, com- 
pared with the curves of the separate substrates. Upper figure, digestion curves of 
0.006 and 0.012 a BAEE. The end of the reaction is indicated as T. T. (total titration) 
for each molarity. Digestion curves of 3 per cent gelatin and of the mixture 3 per 
cent gelatin + 0.012 m BAEE. Temperature, 25°C. Lower figure, the same as the 
upper with casein instead of gelatin. Temperature, 30°C. Buffer for both casein and 
gelatin, 0.015 m phosphate pH 8. Enzyme, crystalline trypsin. 
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the reaction; an additional proof of saturation. Two mixtures, 0.006 m BAEE + 
0.006 m BAME, and 0.012 m BAEE + 0.012 m BAME, were studied com- 
paratively with the same concentrations of the separate substrates. No de- 
tectable increase in the rate of hydrolysis of the mixtures was observed with 
reference to that of the individual esters. The effect of the addition of BAME 
to BAEE was comparable to the addition of larger quantities of the same sub- 
strate; i.e, BAME and BAEE behave as if they were a single substrate. 

In contradistinction to the absence of effect on the reaction speed of BAEE 
after the addition of either more BAEE or BAME, the action of casein or gela- 
tin causes an additive or nearly additive effect on the rate of hydrolysis of the 
ester referred to. Fig. 8 represents the curves of hydrolyses of BAEE-gelatin 
and BAEE-casein in 0.015 m phosphate buffer and Table I gives the corre. 
sponding rates. The hydrolysis of the latter was carried out at 30° on account 
of viscosity effects of casein at such concentration which render difficult the 
potentiometric titration at lower temperatures. 


DISCUSSION 


Direct potentiometric titration is a sensitive and easily reproducible method 
which presents several advantages: (1) it permits the simultaneous determina- 
tion of protease and esterase activities, (2) it follows the protein hydrolysis 
from the first stages, i.e. as soon as the protein begins to split and titratable 
groups appear, (3) as the titration curves render a point per minute or a frac- 
tion of a minute, it is possible to observe closely the digestion course and detect 
any change in the rate that may occur during the saturation period, and (4) 
the continuous titration can be carried out on the same sample. This cannot be 
done with the formol titration. 

The comparison of direct and formol titration showed that the former may 
determine correctly protein hydrolysis. It is possible to convert data of direct 
titration to formol titration values provided that the corresponding conversion 
factor f has been determined for the substrate-enzyme system being studied. 

Though the factors of only two systems, trypsin-casein and trypsin-gelatin, 
are given in this paper, the assumption is possible that each particular protein- 
enzyme system has a distinct factor, depending upon the molecular constitu- 
tion of the protein and the groups attacked by the enzyme. 

An interesting observation is the fact that the factor of the mixtures of equal 
concentrations of casein and gelatin does not differ significantly from a statis 
tical point of view, from the average of the factors for each individual protein. 
This fact would indicate that equal proportions of each protein are being hy- 
drolyzed simultaneously; otherwise the factor of the mixture would approach 
either one factor or the other. 

The results of the experiments on protein hydrolyses herein described show 
that for the studied systems, the phenomenon of saturation of enzyme by sub- 
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strate is observable only when there is a single substrate. Saturation no longer 
appears when a second protein is added to the system. Divergence of direct 
titration curves within the saturation zone is produced by the addition of even 
small concentrations of gelatin (1 to 5 per cent) to casein at concentrations 
above the saturation level (from 3 per cent onward). The rates of hydrolysis 
(though calculated for a stage of the reaction far below the end of the satura- 
tion phase), demonstrate that both proteins are being hydrolyzed independ- 
ently, even within the so called saturation phase. This effect is more noticeable 
in the concentrated mixtures (such as those containing 4 or 5 per cent of each 
protein) when the rates are practically additive. 

The present study of kinetic characteristics of the tryptic hydrolysis of 
BAEE gave results very similar to those previously reported by Schwert ef 
al. for BAME (8) and BAEE (9). These authors concluded that “the hydroly- 
sis of BAME is catalyzed by trypsin itself and by the same active surfaces 
which catalyze the hydrolysis of benzoyl-L-arginine amide.” They state fur- 
ther that “If zero order kinetics are ascribed to a complete saturation of the 
enzyme by the substrate at all ratios of enzyme-substrate concentration that 
have been studied, the higher rate and lower order of reaction in the case of the 
esters must indicate a considerably higher affinity of the enzyme for these sub- 
strates.” On account of the close resemblance in the behavior of BAME and 
BAEE, the above statements could be applied to BAEE. 

No modification in the speed of the reaction was observed on addition of 
0,006 m BAEE to 0.006 m BAEE, that is to say that 0.006 m is sufficient to 
saturate the enzyme present. On the contrary, the addition of 3 per cent 
casein or gelatin to 0.012 m BAEE gave rise to an increase in the rate. More- 
over, the resulting rate is equal, or nearly equal, to the sums of the rates of 
each separate substrate, as in the case of protein mixtures. 

The addition of 0.006 or 0.012 m BAME to the same molarity of BAEE does 
not modify the reaction rate of the second ester. The resulting curves are 
similar to those produced by an increase in the concentration of the same 
BAEE. Since the chemical structure of both esters is very similar and their be- 
havior in the presence of trypsin almost identical, it was expected that their 
mixture would behave as a single substrate. The experimental facts confirmed 
such a supposition. 

The facts reported in this paper are inconsistent with the theory which as- 
sumes that enzyme and substrate combine to form a more or less persistent 
compound, unless it is further supposed that there are separate active groups 
in the enzyme molecule, corresponding to different substrates. 


SUMMARY 


1. A direct titration method for the measurement of proteolytic activity is 
discussed. This method titrates a constant fraction of the groups titratable by 
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formol; this fraction may vary with the protein, and possibly with the enzyme 
used. The ratio formol:direct titration is expressed as a factor f which is pre- 
sumed to be distinct for each protein-enzyme system. The procedure men- 
tioned makes it possible to follow the protein hydrolysis from the first stages, 

2. The factor f of mixtures of equal concentrations of casein and gelatin js 
the average of the factors of the separate proteins. This may indicate that 
trypsin is hydrolyzing equal proportions of each protein simultaneously, 

3. The rates of hydrolysis of the mixtures casein-gelatin at saturation levels 
are always larger than those of the isolated proteins; in some cases and espe- 
cially with the larger concentrations studied, the rate of the mixtures is equal 
to the sum of the individual rates. 

4. The rates of hydrolysis of the mixtures BAEE-casein and BAEE-gelatin 
are practically additive with reference to the rates of the separate substrates, 
in spite of having been determined within the saturation phase for each sub- 
strate. 

5. The rate of the mixture of two very closely related substrates, such as 
BAEE and BAME, is the same as in a single substrate. 

6. For the systems studied, the so called saturation of the enzyme by the 
substrate is observable only when there is a single substrate in the system. 
Saturation is no longer apparent when a second substrate is added, except in 
the case of a close relationship between both substrates. 

7. The above observations are inconsistent with the theory of the formation 
of an intermediary substrate-enzyme compound, unless it is assumed that 
there are different active groups in the enzyme. 
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THE RHODOPSIN SYSTEM OF THE SQUID* 
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ABSTRACT 


Squid rhodopsin (Amax 493 my)—like vertebrate rhodopsins—contains a retinene 
chromophore linked to a protein, opsin. Light transforms rhodopsin to lumi- and 
metarhodopsin. However, whereas vertebrate metarhodopsin at physiological tem- 
peratures decomposes into retinene and opsin, squid metarhodopsin is stable. 

Light also converts squid metarhodopsin to rhodopsin. Rhodopsin is therefore 
regenerated from metarhodopsin in the light. Irradiation of rhodopsin or metarho- 
dopsin produces a steady state by promoting the reactions, 


; light . 
Rhodopsin <———— _metarhodopsin 


Squid rhodopsin contains neo-b (11-cis) retinene; metarhodopsin all-trans retinene. 
The interconversion of rhodopsin and metarhodopsin involves only the stereoisomeri- 
zation of their chromophores. 

Squid metarhodopsin is a pH indicator, red (Amax 500 my) near neutrality, yellow 
(\max 380 mu) in alkaline solution. The two forms—acid and alkaline metarhodopsin— 
are interconverted according to the equation, 


Alkaline metarhodopsin + H* = acid metarhodopsin, 


with pX 7.7. In both forms, retinene is attached to opsin at the same site as in rho- 
dopsin. However, metarhodopsin decomposes more readily than rhodopsin into re- 
tinene and opsin. 

The opsins apparently fit the shape of the neo-b chromophore. When light isomerizes 
the chromophore to the all-trans configuration, squid opsin accepts the all-trans 
chromophore, while vertebrate opsins do not and hence release all-trans retinene. 

Light triggers vision by affecting directly the shape of the retinene chromophore. 
This changes its relationship with opsin, so initiating a train of chemical reactions. 


* This research was supported in part by grants to Professor George Wald from the 
Office of Naval Research, the Rockefeller Foundation, and the United States Public 
Health Service. Preliminary accounts of this work have been published (St. George 
and Wald, 1949; St. George, Goldstone, and Wald, 1952; Hubbard and St. George, 
1956). The authors are indebted to Dr. J. M. Goldstone, who performed many of the 
preliminary experiments. 
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Vertebrate rhodopsin is involved in a cycle of the form (Hubbard and Wald 
1952-53): 


Rhodopsin 
7 . light 


N\ 
ff orange intermediates 
\ 


Neo-b retinene + opsin + All-trans retinene +  opsin 
Jf (alcohol dehydrogenase, DPN) Jf 
Neo-} vitamin A All-trans vitamin A 


In the light rhodopsin bleaches through orange intermediates—lumi- and 
metarhodopsin—to a mixture of the yellow carotenoid, all-irans retinene, 
and the colorless protein, opsin. Alcohol dehydrogenase and reduced DPN 
then reduce all-trans retinene to all-trans vitamin A. To regenerate rhodopsin, 
a hindered cis isomer of retinene or vitamin A is required—neo-b (11-cis). 
The stereoisomerization of retinene and vitamin A therefore is an integral 
part of the rhodopsin cycle. 

The rhodopsin system of the squid differs from the vertebrate system in 
several respects: (1) Squid rhodopsin in the retina or in (neutral) solution does 
not bleach in the light (cf. Krukenberg, 1882; Bliss, 1942-43, 1948), due to the 
fact that light does not convert squid rhodopsin to retinene + opsin.' Instead, 
the majority of the retinene remains tightly bound to opsin, and can be ex- 
tracted only with such denaturing organic solvents as acetone or chloroform 
(cf. Wald, 1941, 1942). (2) Wald.(1941, 1942) showed that the vitamin A con- 
tent of the squid retina is low and independent of the state of light or dark 
adaptation. He therefore concluded that vitamin A does not participate in the 
rhodopsin system of the squid. 

Bliss (1942-43, 1948) claimed that squid rhodopsin was not photosensitive, 
since it did not bleach in the light.’ Its photosensitivity, however, was estab- 
lished by St. George and Wald (1949), who showed that in the cold (—45°C.) 
squid rhodopsin, like vertebrate rhodopsin, is converted by light into lumi- 
rhodopsin, which is transformed to metarhodopsin at about — 15°C. However, 
squid metarhodopsin is stable up to about 20°C., whereas vertebrate metarho- 
dopsin above about 0°C. rapidly yields a mixture of retinene + opsin, and re- 
generated rhodopsin and isorhodopsin (Wald, Durell, and St. George, 1950). 

The reactions of squid rhodopsin and metarhodopsin have now been reex- 


1A distinction must be drawn between the terms photosensitivity and bleaching. 
Bleaching implies a change in hue or saturation, while photosensitivity merely implies 
a responsiveness to light which need not be accompanied by an observable change 0 
color. In the present paper, bleaching always refers to a change in hue, such as that 
observed when vertebrate rhodopsin is converted to retinene + opsin. 
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amined, and may be summarized as follows: (1) In the light squid rhodopsin 
(\max 493 mp) is converted to metarhodopsin, which at temperatures above 
15-20°C. slowly dissociates to retinene + opsin. (2) Squid metarhodopsin 
exists in two forms depending on pH. It is red (Amsx 500 my) in neutral and 
mildly acid solution, and yellow (Amsx 380 my) in alkaline solution. We have 
called the two forms acid and alkaline metarhodopsin. They are freely inter- 
convertible in the dark by shifting the pH; the interconversion is half-complete 
at pH 7.7 (pK). (3) Irradiation of squid rhodopsin in neutral or slightly acid 
solution yields acid metarhodopsin—hence no bleaching.! Irradiation in alka- 
line solution bleaches, since it yields alkaline metarhodopsin. (4) The conver- 
sion of squid rhodopsin to either form of metarhodopsin does not release 
retinene, but involves the isomerization of the chromophore from the neo-d to 
the all-trans configuration. (5) Alkaline metarhodopsin, though it resembles 
retinene spectroscopically, can be readily distinguished as a separate chemical 
entity. It is composed of retinene firmly bound to opsin at the same site to 
which it is attached in acid metarhodopsin and rhodopsin. (6) Under the con- 
ditions explored so far, squid rhodopsin cannot be regenerated in the dark from 
metarhodopsin or from retinene + opsin. However light, in addition to con- 
verting squid rhodopsin to metarhodopsin, brings about also the reverse reac- 
tion, the regeneration of rhodopsin from metarhodopsin. (7) Continuous irra- 
diation of squid rhodopsin or metarhodopsin therefore produces a steady state, 
independent of the intensity of the light: 


Mckee. semalindn 
At pH 6 this contains roughly equal amounts of rhodopsin and acid metarho- 
dopsin (actual proportions 0.9:1). (8) Analyses of retinas from light- and dark- 
adapted squid indicate that im vivo the retina possesses also mechanisms for 
converting metarhodopsin to rhodopsin in the dark. We have not yet succeeded 


in demonstrating these in vitro. (9) The squid rhodopsin system may be sum- 
marized as follows:— 








Rhodopsin 
(Amax 493 my) 
- \ i 
light / \light | _denatu- oy 
- _we ‘\ ration denatured 
Alkaline metarhodopsin Acid metarhodopsin opsin 
(max 380 my) +H* (max 500 my) 


These reactions will now be described in more detail. 


Experimental Methods 


P reparation of Squid Rhodopsin.—Squids were decapitated and the heads bisected, 
permitting the eyes to be extruded from their orbits. The optic ganglion was trimmed 
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away and the eye hemisected, exposing the retina which was lifted out with a spatula, 
Retinas were collected only from freshly killed squid. After dissection, they were 
sometimes frozen and stored at —15°C. No differences were observed between ex- 
tracts from fresh or frozen retinas. The dissection was carried out in red or dim white 
light, the preparation of rhodopsin always in red light. 

The retinas were ground with M/15 phosphate buffer (pH 6.1), and centrifuged in a 
refrigerated Spinco preparative centrifuge for 5 minutes (No. 40 rotor at 30,000 
R.P.M.). The supernatant, containing a red water-soluble pigment which bears no 
relation to rhodopsin, was discarded. The tissue was disintegrated by stirring in a 
plastic Spinco centrifuge tube (12 ml. capacity), adding sucrose solution (36 per cent 
w/v, in M/15 phosphate buffer, pH 6.1) in small portions, and grinding after each 
addition. The final suspension, in about 4 ml. sucrose solution per retina, was layered 
under phosphate buffer and centrifuged 10 minutes at 30,000 r.p.m. The rods float to 
the sucrose-buffer interface, the retinal debris sediments. The rods were drawn off, 
the residue reground with sucrose, and the flotation repeated. The rods from the two 
flotations were pooled, sedimented from buffer, and washed twice with 0.1 m Na,;HP9, 
and once with distilled water (10 ml. each), centrifuging each time for 5 minutes at 
30,000 r.p.m. Rhodopsin was then extracted by leaching the rods about 1 hour with 2 
per cent digitonin in phosphate buffer (m/15, pH 6.1), using about 0.5 to 1 ml. solvent 
per retina. The suspension was centrifuged 10 minutes at 20,000 r.P.m. and the clear 
supernatant, containing the rhodopsin, drawn off. The rods were reextracted until 
they yielded no further rhodopsin. All solutions were made up in glass-distilled water, 
and the entire procedure carried out on ice. 

This method routinely yielded solutions of high optical purity (Kmin/Kmax = 
0.30 + 0.05). However, squid rhodopsin is less stable than cattle rhodopsin: kept 
dark in the refrigerator, it slowly bleaches irreversibly to retinene and opsin. It was 
therefore usually prepared in small lots and used within about a week. 

Interconversion of Rhodopsin and Metarhodopsin.—Rhodopsin and metarhodopsin 
were irradiated with a 160 watt microscope lamp shielded at all times by a 2 cm. water 
cell and a heat filter (Corning 3962 or 3966). In addition, an orange filter (Corning 
3482) was used to bleach rhodopsin to alkaline metarhodopsin; Corning 3482 or 
3389 (pale yellow) filters for the interconversion of rhodopsin and acid metarhodopsin; 
and a Jena UG 2 filter, transmitting only the near ultraviolet, to irradiate alkaline 
metarhodopsin. 

The solutions were immersed in ice water at all times, except when spectra were 
measured. For spectrophotometry, the cell compartment of a Beckman spectro- 
photometer was kept at 5°C. by circulating ice water through Beckman thermo- 
spacers. The cell carriage and absorption cells were precooled in the cell compart- 
ment and kept there during the entire experiment. The solutions (0.4 to 0.5 ml.) 
were introduced and withdrawn with chilled Carlsberg constriction pipettes (Glick, 
1949, pp. 172-173). 

pH was measured with a Beckman pH meter using a 0.6 ml. cell. To avoid dilution 
of the samples, the pH was adjusted with solid NazCO; or KH:PO,, or with COs. 
It has been reported that high concentrations of salt stabilize the orange intermediates 
when bleaching vertebrate rhodopsin (Bridges, 1956). The salt concentrations em- 
ployed in our experiments do not have this effect. 





ao & oO & & 


one me 


»_ —E 


RUTH HUBBARD AND ROBERT C. C. ST. GEORGE 505 


Analysis of Mixtures of Rhodopsin and Acid and Alkaline Metarhodopsin.—lf 
rhodopsin in neutral or slightly alkaline solution is irradiated with orange light, 
mixtures are formed which contain these three components (see text below, Table 
III). They can be analyzed by the following procedure: the absorption spectrum of 
the rhodopsin solution is measured initially (1) and after irradiation (2). Spectrum 
2 is that of the mixture to be analyzed. All metarhodopsin in the mixture is now 
converted to the alkaline form by raising the pH to 9.7, and the spectrum is remeas- 
ured (3). The mixture—now containing only rhodopsin and alkaline metarhodopsin—is 
reirradiated with orange light to convert the rhodopsin to alkaline metarhodopsin, 
and the spectrum is measured (4). The solution now contains only alkaline meta- 
rhodopsin. The difference in extinction at 500 my between spectra 2 and 3 is the 
extinction of acid metarhodopsin in the mixture; the difference at 493 mu between 
spectra 3 and 4, the extinction of rhodopsin. Since alkaline metarhodopsin has es- 


TABLE I 


Absorption Properties of Rhodopsin and Acid and Alkaline Metarhodopsin in Aqueous 
Digitonin 
The wavelength of maximum extinction (Amax) and the molar extinction coefficient 
(¢aux) at this wavelength.” ¢max was determined as described under Methods. 





Absorption properties 


max €max 
my om.?/mole 
Rhodopsin. . . 493 40,600 
Acid metarhodopsin 500 59, 700 
Alkaline metarhodopsin 380 60,900 

















sentially no absorption above 450 my, these differences are the true extinctions of 
thodopsin and acid metarhodopsin. They are converted to concentrations using the 
molar extinction coefficients? of rhodopsin and acid metarhodopsin (Table I). These 
have been determined as described below. The contribution of alkaline metarhodopsin 
to spectrum 2 is best estimated by subtracting the concentrations of rhodopsin and 
acid metarhodopsin in the mixture from the initial rhodopsin concentration (the 
difference in extinctions at 493 my between spectra 1 and 4). This is preferable to 
computing the concentration of alkaline metarhodopsin directly from the extinction 
at 380 mu, which may be contaminated with colored impurities. The concentrations of 
rhodopsin and acid metarhodopsin are calculated from differences in extinction, hence 
are independent of the optical purity of the solution. 

Thermal Bleaching of Rhodopsin and Acid Metarhodopsin.—The temperature of 
the cell compartment of the Beckman spectrophotometer was regulated by circulating 
water from a constant temperature reservoir through the thermospacers. The tempera- 


* The molar extinction coefficient (€) is defined as the extinction of a 1 m solution in 
alayer of 1 cm. depth, and expressed in cm per mole. The molar extinction coefficient 
at the wavelength of maximum absorption (Amax) Will be designated €max. 





J 
j 
>. 


506 RHODOPSIN SYSTEM OF SQUID 


ture of the reservoir was controlled to within 0.1°C. with a bimetallic thermoregulator 
(American Instrument Company). The temperatures of the reservoir and the cel] 
compartment were identical near room temperature. At the higher temperatures, the 
temperatures of bath and cell compartment were related as shown in Fig. 1, The 
temperature of the cell compartment was measured by inserting a thermometer 
through cotton wool before and after each experiment (Fig. 1, solid circles), as well as 
during a final calibration (Fig. 1, open circles). The two sets of data agree to within 
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Fic. 1. Temperature calibration of the Beckman cell compartment. The tempera- 
ture of the cell compartment was regulated by circulating water from a constant 
temperature bath through thermospacers. The temperatures of the bath and cell 
compartment are related as shown in the figure. They were measured before and 
after each experiment (solid circles) as well as during a final calibration (open circles). 
The two sets of data lie on the same straight line, which yields the relationship, 
T. = 2.5 + 0.9 Tz, in which 7, is the temperature of the cell compartment and 7;, 
the temperature of the bath. 


0.5°C., which represents the accuracy of this method. The temperature was monitored 
during each experiment with a thermometer inserted into the block to the mono- 
chromator side of the thermospacer. At high temperatures, the block is 1-2° cooler 
than the cell compartment, but its temperature can be used to check the constancy 
of the temperature during each experiment. 

For measurements of the rate of thermal decomposition, the cel] holder and ab- 
sorption cells containing all ingredients but rhodopsin or acid metarhodopsin were 
equilibrated in the prewarmed cell compartment for about an hour. The samples were 
then introduced and the extinction at Amax followed. The rates of destruction in- 
creased during the first 1 or 2 minutes, while the samples came to temperature equilib- 
rium; from then on they were constant until all pigment had been bleached (cf. Fig. 8). 


« «tn =~ nmnofap>ph(6/3Ss a — Ss ec «¢ 
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Determination of Vitamin A and Free and Protein-Bound Retinene.—The retinas 
were ground with anhydrous sodium sulfate and extracted by stirring with several 
successive portions of petroleum ether, centrifuging each time. These extracts con- 
tained all the vitamin A and free retinene. The protein-bound retinene was extracted 
py stirring the retinal powder with chloroform or with acetone containing about 1 
pet cent water. The extracts were transferred to chloroform, and the amount of vitamin 
A and retinene determined by the antimony chloride reaction. 


Molar Extinction Coefficients of Rhodopsin, and the Two Forms of Metarhodop- 
sin, and the Rhodopsin Content of the Squid Retina.—The molar extinction co- 
efficients? of rhodopsin, and acid and alkaline metarhodopsin at their respective 
hunx were determined as follows: as will be seen below, the chromophores of 
rhodopsin and metarhodopsin can be converted to all-‘rams retinene oxime in 
avariety of ways. The molar extinction coefficient (€max) of all-trans retinene 
oxime is 51,600 (Wald and Brown, 1953-54). Several experiments yielded an 
average value of 0.79 for the ratio of extinctions, squid rhodopsin:all-trans 
retinene oxime. The molar extinction coefficient (€max) of squid rhodopsin 
therefore is 40,600, the same as for cattle rhodopsin (Wald and Brown, 1953- 
54). The extinctions of acid and alkaline metarhodopsin are respectively 1.47 
and 1.50 times higher than that of rhodopsin (cf. Fig. 2). The two forms of 
metarhodopsin therefore have molar extinctions (€max) of 59,700 and 60,900 
(f. Table I). 

One squid retina yields on the average 1 ml. of a rhodopsin solution with an 


extinction at Amax Of 1.0. Since the €max of squid rhodopsin is 40,600, this is 
equivalent to a rhodopsin content of 0.025 micromole per retina. The cattle 
retina, which has about four times the area of the squid retina, contains about 
0,02 micromole rhodopsin. The squid retina is therefore comparatively rich 
in rhodopsin. 


RESULTS 


1, Interconversion of Squid Rhodopsin and Acid and Alkaline Metarhodopsin 

Effect of pH.—Squid rhodopsin (Amex 493 my), upon irradiation with orange 
light at pH 9.5-10, yields alkaline metarhodopsin (Amax 380 mu), and hence 
bleaches. If the pH is now lowered to 5.5 in the dark, alkaline metarhodopsin 
is converted quantitatively to acid metarhodopsin (Amax 500 mu). This is the 
only way to obtain pure acid metarhodopsin from rhodopsin, for reasons dis- 
cussed below. The reaction sequence is illustrated in Fig. 2; the absorption 
properties of the three compounds are summarized in Table I. 

Rhodopsin may be bleached in alkaline solution as before, and the acidifica- 
tion of metarhodopsin carried out stepwise, in the form of a titration. In this 
case one obtains such intermediate mixtures of acid and alkaline metarhodop- 
sin as shown in Fig. 3. As the pH is lowered, the absorption due to alkaline 
metarhodopsin (Amax 380 my) decreases while the absorption due to acid meta- 
thodopsin (Amax 500 my) rises proportionately. The curves cross at a single 
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wavelength, the isosbestic point (420 my), indicating that the reaction involves 
only the two substances, alkaline and acid metarhodopsin. As shown in Fig. 4, 
the data can be fitted by the titration curve of a single ionizable group with 
pK 7.7. The reaction is therefore described by the equation, 


Alkaline metarhodopsin + H* = acid metarhodopsin. 


Low pH favors the formation of acid metarhodopsin; high pH, its dissociation 
into alkaline metarhodopsin + Ht. 





! t t | | ! ! ! 


1- squid rhodopsin (Amex, - 493 mu) 
2-product of bleaching at pH 9.9 
Amax~ 380 mp) 


3-#2 brought to pH 5.5 
(A max7 500 mp) 


Extinction 














T 
450 
Wavelength ~ mu 
Fic. 2. Absorption spectra of squid rhodopsin (1) and of alkaline (2) and acid (3) 
metarhodopsin. 


As with most ionizations, this equilibrium is temperature-dependent. A de- 
crease in temperature decreases the tendency to ionize and therefore shifts the 
equilibrium toward acid metarhodopsin. Data from four experiments, sum- 
marized in Table II, yield a heat of ionization (AH) of about +8000 cal. per 
mole. This is of the same order of magnitude as the heats of ionization of imi- 
dazolium and amino acid ammonium ions (about 7000 and 11,000 cal. per 
mole, respectively; Cohn and Edsall, 1943, pp. 80, 82, 89). 

Alkaline metarhodopsin has in the past been confused with retinene because 
of spectroscopic similarities (cf. St. George et al., 1952; Hubbard and St. George, 
1956). The two compounds differ in a number of respects: (1) In alkaline solu- 

H 
tion, retinene (CisHx - C = O) in the presence of opsin exists as a Schiff base, 
H 


CisHx - C=N-opsin, with Amex 365 mp and €nax about 47,000.? These spectro- 


Eatinetror 
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sopic properties are characteristic of the Schiff bases of retinene (Ball e¢ al., 
1949; Pitt ef al., 1955). Alkaline metarhodopsin, as we have seen, has Amex 
380 mp and €max 60,900. (2) Neutralization of the Schiff base releases retinene 
hoax 385 Mp, €max 35,000), while neutralization of alkaline metarhodopsin 
vields acid metarhodopsin (Amax 500 mp, mex 59,700). (3) Retinene combines 
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pH indicator properties of squid metarhodopsin , 
5°. 


alkaline acid 
metarhod- F metarhodopsin 


(A ao 380) \ (Amax-50 Q) 


Latinetion 
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Fic. 3. Absorption spectra of squid rhodopsin; alkaline metarhodopsin, produced 
by bleaching with orange light at pH 9.7; mixtures of alkaline and acid metarhodopsin, 
produced by subsequent gradual acidification in the dark (pH 8.3, 7.3, and 6.4); 
and, finally, pure acid metarhodopsin (pH 5.5). 


H 
rapidly with hydroxylamine to form the oxime, CisHx»-C==NOH, while al- 
kaline metarhodopsin does not react with hydroxylamine. (4) Alcohol dehy- 
drogenase and reduced DPN reduce retinene to vitamin A (CisH2;-CH,OH), 
but do not react with alkaline metarhodopsin. 

The aldehyde group of retinene participates in all four reactions just de- 
scribed. It is absent—or unavailable—in squid metarhodopsin, acid or alka- 
une. Denaturation of metarhodopsin by heat or chemically releases retinene, 
which then reacts as would be expected. 

Effect of Irradiating Metarhodopsin.—Rhodopsin is not regenerated from 
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¢F 1G. 4. The data of Fig. 3 replotted to show the change in composition of the 
mixture of acid and alkaline metarhodopsin as a function of pH. At pH 5.5, the so- 
lution contains only acid metarhodopsin, at pH 9.7 almost only alkaline metarho- 


dopsin. The intermediate points are fitted by the titration curve of an ionizable group 
with pK 7.7. 


TABLE II 
Heat of Ionization (AH) for the Reaction, 
Acid metarhodopsin = alkaline metarhodopsin + H* 
AB is calculated from the equation, 


2.303R 


in which K; and Ke are the observed equilibrium constants at absolute temperatures 7; 
and 72, and R is the gas constant (1.986 cal./mole degrees). 





7 log Ke AH 





- A cal. per mole 
—0.33 +7900 
—0.39 +7400 
—0.36 +7850 
+8250 








+7850 








acid or alkaline metarhodopsin in the dark. Irradiation of metarhodopsin, 
however, yields rhodopsin. Fig. 5 shows the result of irradiating alkaline meta- 
rhodopsin; Fig. 6 (right), the result of irradiating acid metarhodopsin. In both 
cases, the rhodopsin is regenerated photochemically; there is no evidence of a 


Fxrxtinction 
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dark reaction. As shown in Fig. 5, the irradiation of alkaline metarhodopsin 
vields a pigment with Amax 485 mp, presumably a mixture of regenerated rho- 
dopsin and isorhodopsin (cf. Hubbard and Wald, 1952-53). Irradiation of acid 
metarhodopsin yields rhodopsin uncontaminated with isorhodopsin (Fig. 6, 
right). Light therefore not only converts rhodopsin to metarhodopsin, but also 





i-'O2 2 2 eee 
: dark ~ rhodopsin 
. after orange light ~ 
alkaline metarhodopsin — 
: then irradiated with u-v.~ 
rhod. + isorhod.+ alk.metay 


4 


PH 9.1; 9°C. 


oO 
fo) 
| 


Oo 
‘A 
| 


Extinction 





na = 








1 
300 


400 
Wavelength —~ my 


Fic. 5. Rhodopsin (1) upon irradiation with orange light (Corning filters 3482 + 
3966, transmitting A > 550 my) at pH 9.1 yields essentially pure alkaline meta- 
thodopsin (2). Irradiation of alkaline metarhodopsin with ultraviolet light (Jena 
UG 2, transmitting between 300 and 400 my) causes a drop in extinction at 380 my 
and a rise maximal at 485 my. This is due to the partial conversion of alkaline 
metarhodopsin to a mixture of rhodopsin and isorhodopsin. Both changes take 
place im the light, and there is no evidence of dark reactions. 


metarhodopsin to rhodopsin. It produces a pseudoequilibrium or steady state 
of the form: 


ligh 
Rhodopsin mF metarhodopsin. 

The absorption spectra of rhodopsin and acid metarhodopsin overlap so 
extensively that light absorbed by one is necessarily absorbed by the other. 
In neutral or slightly acid solution, the reaction therefore always proceeds in 
both directions, so that starting with either rhodopsin or acid metarhodopsin, 
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irradiation produces a mixture of both. In alkaline solution, however, since the 
absorption spectra of rhodopsin and alkaline metarhodopsin overlap only 
slightly, it is possible to irradiate each of these substances separately. White 
light, which contains wavelengths absorbed by both pigments, produces steady 
state mixtures. Near ultraviolet light, which is absorbed more strongly by al- 
kaline metarhodopsin, results in a large production of rhodopsin (and isorho. 
dopsin; cf. Fig. 5), while orange light, absorbed by rhodopsin alone, bleaches 
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Fic. 6. Irradiation of pure rhodopsin (left) or acid metarhodopsin (right) with 
orange light yields a mixture containing about 43 parts rhodopsin and 57 parts acid 
metarhodopsin. The method of analyzing this mixture is described in the text and 
under Methods. 


the latter to alkaline metarhodopsin (cf. Figs. 2, 3, and 5). Only in alkaline 
solution, therefore, and with orange light can rhodopsin be converted com- 
pletely to metarhodopsin. 

The interconversion of rhodopsin and acid metarhodopsin is illustrated in 
Fig. 6. On the left, rhodopsin (curve 1 a) is irradiated with orange light at pH 
6.1. There is a rise in extinction and a shift of max toward longer wavelengths 
(curve 2, left; Amax 496 mu). On the right, acid metarhodopsin (curve 1), 
obtained by bringing alkaline metarhodopsin to pH 6.1, is irradiated in the 
same way: the extinction falls and Amex Shifts toward shorter wavelengths (curve 
2, right; Amax 496 mu). The pH of both solutions is now raised in the dark, 
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causing the extinction to fall at 500 my and rise at 380 my (curves 3, left and 
right)—acid metarhodopsin is converted to alkaline metarhodopsin. This 
reveals the presence of rhodopsin in both cases. The rhodopsin is finally bleached 
to alkaline metarhodopsin by irradiation at pH 9.5 (curves 4, left and right). 
Irradiation of rhodopsin or acid metarhodopsin therefore produces a mixture 
of both, in the approximate proportion 43:57 (for details of calculation, see 
Methods). 

To go a little further with this relationship: irradiation with orange light 
results in a steady state mixture, which contains the same proportions of rho- 
dopsin and acid metarhodopsin regardless of whatever alkaline metarhodopsin 


TABLE III 


Composition of Mixtures of Rhodopsin and Acid and Alkaline Metarhodopsin Produced by 
Irradiation with Orange Light at Various pH’s 
In parentheses are shown the concentrations calculated on the basis of assumptions de- 
scribed in the text. The agreement between the observed and calculated concentrations is 
within experimental error. 





Rhodopsin 

pH Rhodopsin Acid metarhodopsin | Alkaline metarhodopsin | 
| Acid meta- 

rhodopsin 





per cent per cent per cent 
44 (47) 56 (52) Negligible (1) 0.8 
47 (47) 53 (52) “ (1) 0.9 
42 (47) 58 (52) “ (4) 0.75 
33 (34) 37 (38) 30 (28) 0.9 
21 (19) 19 (22) 1.1 














0.9 


* This experiment was performed under prepurified nitrogen in order to ascertain whether 
the reactions were affected by oxygen; all the others in air. 





is present. The ratio of rhodopsin to acid metarhodopsin is therefore inde- 
pendent of pH. As shown in Table III, it has an average value of 0.9. However, 
as already explained, acid metarhodopsin is also in equilibrium with alkaline 
metarhodopsin, depending upon pH, and independent of light (Fig. 4). The 
experimentally observed concentrations of all three substances shown in Table 
III are therefore compared with values in parentheses which have been cal- 
culated on the assumption that in orange light (i.e. light not absorbed by alka- 
line metarhodopsin) the steady state is achieved via the coupled reactions, 


. light , 
thodopsin — es acid metarhodopsin = alkaline metarhodopsin + Ht. 


The agreement between the observed and calculated values supports this as- 
sumption. 


Chemical Constitution of Rhodopsin and the Two Forms of Metarhodopsin.— 





WATE Riiv 


514 RHODOPSIN SYSTEM OF SQUID 


None of the reactions described so far is inhibited by hydroxylamine (0,2 u) 
or p-chloromercuribenzoate (pCMB; 10~* m). The former reagent is known to 
“trap” free retinene by condensing with its carbonyl group to form retinene 
oxime; the latter is a relatively specific and powerful sulfhydryl (—SH) rea- 
gent. Neither the carbonyl group of retinene, therefore, nor sulfhydry] groups 
on opsin become available during these transformations. The interconversions 
of rhodopsin and the two forms of metarhodopsin must proceed without the 
liberation of retinene, and the attendant exposure of —SH groups on opsin. 
Yet squid rhodopsin and metarhodopsin differ spectroscopically and in their 
chemical behavior. What underlies these differences? 

Squid rhodopsin and metarhodopsin, though they retain their individuality 
indefinitely in the dark, are interconverted rapidly by light. The same kind 
of relationship is known to involve the geometrical isomers of retinene. Each 
of them is stable in the dark, but is rapidly converted to a steady state mixture 
with others in the light (cf. Hubbard, Gregerman, and Wald, 1952-53; Hubbard, 
1956). In the presence of the enzyme, retinene isomerase, this steady state 
involves specifically the pair of isomers, all-trans and neo-b retinene (Hubbard, 
1955-56). This is the essential relationship involved in the interconversions 
of squid rhodopsin and metarhodopsin; the transformation by light of either 
pigment into the other involves a change in the geometric configuration of its 
chromophore. 

What are the stereoisomeric configurations of retinene in squid rhodopsin 
and metarhodopsin? This could be established most satisfactorily by synthesis 
from opsini and the appropriate isomer of retinene. Thus the stereoisomeric 
configurations of the chromophores of vertebrate rhodopsin and its isoartefact, 
isorhodopsin, were established by showing that they are synthesized by the 
combination of opsin with neo-b (11-cis) and iso-a (9-cis) retinene, respectively 
(Hubbard and Wald, 1952-53). However, we have not yet succeeded in syn- 
thesizing rhodopsin or metarhodopsin from squid opsin and retinene. The 
reason seems to be that squid opsin is extremely labile, and denatures during 
or immediately following removal of the chromophore (see below). The con- 
figurations of the chromophores of squid rhodopsin and metarhodopsin must 
therefore be inferred from other evidence. 

Rhodopsin has by now been extracted from the rods of a large number of 
animals, including representatives of all classes of vertebrates. The absorption 
maxima of these pigments range from about 480 to 503 mp, due to species 
differences in the opsin. Yet the chromophore always contains neo-b retinene 
(Wald, Brown, and Brown, 1957).? Squid rhodopsin (Amax 493 my) has the 
same molar extinction as cattle rhodopsin. It therefore seems reasonable to 
assume that the chromophore of squid rhodopsin also contains neo-b retinene. 


A rhodopsin has been described from Gecko lizards with \max as high as 524 mp 
(Crescitelli, 1956-57). The isomeric constitution of its chromophore has not yet been 
examined. 
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How about metarhodopsin? Several lines of evidence suggest that the pros- 
thetic group of squid metarhodopsin is derived from all-‘rans retinene. (1) 
Light isomerizes neo-b retinene primarily to the all-‘rans configuration (cf. 
Hubbard, 1956). One would expect it to isomerize neo-} retinene acting as a 
chromophore to the all-trans chromophore. (2) The extinction of all-trans 
retinene is much higher than that of neo-d retinene (ratio of extinctions 1.7); 
the extinction of both forms of squid metarhodopsin is similarly higher than 
that of rhodopsin (ratio of extinctions 1.5). (3) If vertebrate rhodopsin (cattle, 
frog) is brought into 0.1 m HCl, it is converted to a compound with Amex at 
440 mu—“acid indicator yellow” (cf. Lythgoe, 1938; Wald, 1937-38). Morton 
and Pitt (1955) have shown that this compound (€max 37,700) probably con- 
tains cis isomers of retinene. When squid rhodopsin is treated in the same way, 
it yields acid indicator yellow with €max 37,400, in good agreement with Morton 
and Pitt’s value. The presence of cis isomers can be demonstrated by exposing 
the acid indicator yellow to light. There is an immediate rise in extinction, 
indicating an isomerization from cis to the trans configuration. If squid meta- 
rhodopsin is treated with 0.1 m HCl in the dark, an acid indicator yellow is 
formed, the extinction of which falls on exposure to light—indicating isomeri- 
zation from érans to cis configurations. This again suggests that metarhodopsin 
contains all-frans retinene.* 


Squid rhodopsin therefore contains neo-b retinene and metarhodopsin all- 
trans retinene. 


2. Relative Stabilities of Rhodopsin and Metarhodopsin 


Only the chromophores of rhodopsin and metarhodopsin have been dis- 
cussed so far. The properties of opsin, however, also differ in the two com- 
pounds. We have examined the behavior of rhodopsin and acid metarhodopsin 
in the dark, under conditions which attack primarily the opsin—pCMB, 
ethanol, formaldehyde, and heat. We have also observed the effect of hydroxyl- 
amine, which probably attacks directly the linkage between the chromophore 
and opsin. In every case, metarhodopsin is more labile than rhodopsin. 

~CMB and Hydroxylamine.—The effects of pCMB and hydroxylamine are 
summarized in Figs. 7 and 8. Rhodopsin is stable in the presence of 10 m 
?CMB or 0.2 m hydroxylamine; acid metarhodopsin is destroyed by both. 
About half the metarhodopsin is destroyed in 5 hours in the presence of pCMB, 
and 20 per cent in the presence of hydroxylamine. The effects of pCMB and 


‘Note Added in Proof—One of us has recently found that thermal denaturation 
releases the retinene chromophore from opsin without altering its stereochemical con- 
hguration. Thus cattle rhodopsin releases predominantly neo-b retinene; isorhodop- 
sin, iso-a retinene (Hubbard, 1958a). By this method we have finally established the 
configurations of the chromophores of squid rhodopsin and metarhodopsin. Rhodopsin 
releases predominantly neo-b retinene; both forms of metarhodopsin, all-trans reti- 
nene (viz. Hubbard and Kropf, in press). 
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hydroxylamine are additive, and when both are present two-thirds of the 
metarhodopsin is destroyed in 5 hours (Fig. 7), and essentially all of it after 
26 hours (Fig. 8, right, curve 5). 

As shown in Fig. 8 (left, curves 1 to 4), during destruction of acid metarho- 
dopsin by pCMB, the fall in extinction at 500 my is accompanied by a slow 
rise in extinction maximal at about 395 my. This is due to retinene, which reacts 
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Fic. 7. Effects of hydroxylamine (NH:OH-0.2 m) and pCMB (10-* m) on rhodopsin 
and acid metarhodopsin. During a 5 hour incubation, rhodopsin is essentially stable, 


while acid metarhodopsin is gradually destroyed. The effects of the two compounds on 
acid metarhodopsin are roughly additive. 


instantaneously with hydroxylamine forming all-irans retinene oxime (left, 
curve 5). The destruction is stopped but not reversed by excess glutathione, 
which itself combines with CMB. pCMB therefore labilizes the attachment of 
the chromophore to opsin in metarhodopsin, but not in rhodopsin. 
Hydroxylamine (0.2) also destroys acid metarhodopsin though not rhodop- 
sin (Fig. 7), converting the chromophore to all-trans retinene oxime (An 
367 my). In the presence of CMB and hydroxylamine (Fig. 8, right), the spec- 
troscopic changes are the same as with hydroxylamine alone, since the retinene 
liberated by pCMB reacts with hydroxylamine as rapidly as formed. In Fig. 8 


Extinction 
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(right, curve 5) the absorption spectrum of all-trans retinene oxime in digi- 
tonin has been plotted together with the spectrum of the final product of bleach- 
ing by pCMB plus hydroxylamine. The identity between the two shows that 
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Fic. 8. Left, when acid metarhodopsin is destroyed by CMB, the drop in ex- 
tinction at 500 my is accompanied by a slow rise maximal at about 395 my (curves 
| to 4). This is due to the expulsion of retinene from the chromophoric site on opsin. 
On addition of hydroxylamine, the retinene is instantaneously converted to retinene 
oxime (curve 5). In time the residual acid metarhodopsin will be completely con- 
verted to retinene oxime, as shown on the right. Right, acid metarhodopsin is incu- 
bated in the presence of both pCMB and hydroxylamine. The spectroscopic picture 
is the same as with hydroxylamine alone for reasons explained in the text, but the 
tate of destruction is much faster (cf. Fig. 7). After 26 hours, essentially all acid 
metarhodopsin has been converted to all-trans retinene oxime (curve 5). This is 
shown by superimposing the absorption spectrum of all-trans retinene oxime and curve 
5. In the region of Amax, the two are identical. 


the tetinene liberated by pCMB and hydroxylamine is in the all-trans con- 
hguration. 

Ethanol and Formaldehyde.—10 per cent ethanol or formalin also bleaches 
acid metarhodopsin without affecting rhodopsin. During a 3 hour incubation 
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at pH 6.5 and 5°C., about two-thirds of the metarhodopsin is destroyed with 
ethanol and one-third with formalin. Both reagents release all-irans retinene 
which is converted by hydroxylamine to the oxime. 
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. 9. Thermal bleaching of rhodopsin and acid metarhodopsin. The data are 


2.303 
plotted in terms of the equation for a monomolecular reaction in the form, k = ack 


in which & is the velocity constant, and (a — x); and (a — 2): are the 


(a — x) 
(a — z)s’ 
extinctions at Amax of rhodopsin or acid metarhodopsin at times #, and & When 
log(a — x) is plotted against ¢, the points lie on straight lines, as would be expected 
for monomolecular reactions. The velocity constant, k, at each temperature is equal 
to 2.303 times the slope of the corresponding line. The values of k, determined in this 
way, are given in Table IV (column II). 


log 


The differential sensitivity of acid metarhodopsin and rhodopsin to ethanol 
and formaldehyde accounts for Bliss’s report that these reagents “photosensi- 
tize” rhodopsin (Bliss, 1942-43, 1948). Rhodopsin is resistant to them. Expo- 
sure to light, however, produces acid metarhodopsin, which is promptly at- 
tacked and bleaches. 








RUTH HUBBARD AND ROBERT C. C. ST. GEORGE 519 


Thermal Bleaching of Squid Rhodopsin and Acid Metarhodopsin.—Heat 
reversibly bleaches rhodopsin and acid metarhodopsin in the dark. However, 
the threshold for thermal bleaching differs for the two compounds. Acid meta- 
shodopsin bleaches above about 15°C.; rhodopsin is stable up to about 32°C. 


TABLE IV 
Thermal Bleaching of Rhodopsin and Acid Metarhodopsin 
The Arrhenius energy (EZ,), and the heat (AH}), free energy (AFf), and entropy (AS) 
of activation are derived from the velocity constant, k, and temperature, T, as described in 
the text. 





I II Itt IV 
T k Ea At AFt 





Rhodopsin 


cal./mole cal. /mole 
71,800 71,200 
71,800 71,200 
71,800 71,200 
71,800 71,200 
71,800 71,200 








71,800 71,200 











Acid metarhodopsin 





18,300 17,700 —18.5 
27,000 26,400 +10.7 
35,700 35, 100 +39.9 
35,700 35, 100 +40.0 





29, 200 28 , 600 +17.8 

















Fig. 9 shows data on the thermal bleaching of both compounds, plotted in 
terms of the equation for a monomolecular reaction in the form, 


2.303 (a — x), 


a (¢ — x); 





in which & is the velocity constant, and (@ — x); and (a — x): are the con- 
centrations of rhodopsin or acid metarhodopsin at times 4 and és. Plotted in 
this way, the points fall on straight lines, indicating that in both cases thermal 
bleaching follows the course of a monomolecular reaction. The velocity con- 


slants at the various temperatures are given in the first two columns of Table 
IV. 


In Fig. 9 the extinctions at Amax (493 and 500 my) are used to represent the con- 
centrations of rhodopsin and acid metarhodopsin. This procedure is legitimate only if 
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absorption by the products of thermal bleaching is negligible at these wavelengths 
This was shown to be the case by cooling the solutions during the reaction to stop 
bleaching and immediately adding hydroxylamine, which reacts with the Products of 
thermal bleaching to form retinene oxime. The oxime has no appreciable absorption 
above 450 muy. If the products of thermal bleaching absorbed appreciably near 500 
my, the extinction would fall upon addition of hydroxylamine. We find that addition 
of hydroxylamine has a negligible effect on the extinctions at Amax of rhodopsin and 
acid metarhodopsin. These extinctions are therefore valid measures of concentration, 


As can be seen from the velocity constants in Table IV (column II), the tem. 
perature dependence of the bleaching rate differs markedly for rhodopsin and 
acid metarhodopsin. For a comparable rise in temperature (about 15°), the 
bleaching rate of acid metarhodopsin increases by a factor of 12, while the 
bleaching of rhodopsin is accelerated about 150-fold. The energies of activation 
for the two processes must therefore be quite different. These have been cal- 
culated from the Arrhenius equation, in the form, 
ky Es ( 1 1 


1 _—_= 
Cy, ~ 2303 R 


tT T,)’ 

in which EZ, is the activation energy, R, the gas constant, and &; and hy, the 

velocity constants for thermal bleaching at absolute temperatures 7; and 7;. 
As shown in Fig. 10, the data for the thermal bleaching of rhodopsin (log 


k vs. 1/T) fall on a straight line of slope ork , corresponding to an activation 


energy of 71,800 cal. per mole. The data for acid metarhodopsin lie on a curve 
of increasing slope (dotted line). This is probably not experimental error, but 
appears to represent an increase in activation energy with temperature from 
about 18,000 to about 36,000 cal. per mole, due to an interplay of two reactions 
with very different activation energies, as discussed below. The average activa- 
tion energy over the temperature range covered in the present experiment is 
29,200 cal. per mole (solid line). 

Thermal! bleaching therfore has a lower temperature threshold and a /ower 
activation energy with acid metarhodopsin than with rhodopsin. What does 
this mean? The interpretation is easier if one considers not only the Arrhenius 
activation energy, but the free energy and entropy changes accompanying the 
activation process. These are commonly referred to as the “free energy of acti- 
vation” and “entropy of activation,” designated by the symbols AFf and AS} 
(cof. Glasstone, Laidler, and Eyring, 1941, chapter 1). 


These functions are derived from the velocity constant, on the assumption that 
the process of activation is a reversible reaction to which the laws of thermodynamics 
apply. The Arrhenius energy of activation (Z,) is related to the corresponding thermo- 
dynamic function, the heat of activation (AHJ), by the equation, 


At = E, — RT. 
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The heat of activation is related to the free energy and entropy of activation by the 
igmiliar thermodynamic relationship, 


AFt = AH} — TAS. 


AFt and ASt are derived from the velocity constant, k, at temperature T by the equa- 
tions (after Glasstone et al., 1941, p. 14), 


kpT 
AF} = 2.303 RT log =, 





1 | l 
Thermal bleaching of 


© rhodopsin 
@ acid metarhodopsin 





: whe 


I 
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dy 
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Fic. 10. Arrhenius activation energies (E.) for the thermal bleaching of rhodopsin 
and acid metarhodopsin. E, is calculated from the Arrhenius equation in the form, 
A E, 1 1 , ’ ° 
eS 2 30R (2 - +), in which R is the gas constant (1.986 cal. mole®), and 
t and ky are the velocity constants at absolute temperatures 7; and 7. When log 
bis plotted as a function of T, E, is 2.303 R times the slope of the line drawn through 
the points. 


and 


kh  AHt 
= 2 loge — + — 
ASt = 2.303 R log bat + 
m which R is the gas constant, ks the Boltzmann constant (1.38 x 10~"* erg degree), 
and h Planck’s constant (6.57 X 10~” erg sec.). As can be seen from these equations, 
the rate of a chemical reaction is determined by the free energy of activation and not 
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by the heat of activation or the Arrhenius activation energy, which is the sum of the 
free energy and an entropy term. 


The values of these functions for the thermal bleaching of thodopsin and 
acid metarhodopsin are summarized in Table IV. AFf is very similar for the 
two reactions, which is the reason why both take place at comparable absolute 
temperatures. The differences in Arrhenius activation energy (E,) are dye 
primarily to differences in the entropies of activation. ASt for bleaching thodop- 
sin is about +152 entropy units. Although this represents a very large increase 
in entropy compared with most ordinary chemical reactions, it falls within the 
range of entropies of activation observed for the inactivation of enzymes and 
other protein denaturations (about 100 to 300 entropy units; Glasstone ¢ al, 
1941, pp. 196, 442-447; Stearn, 1949, pp. 31-34). ASt for the thermal bleach. 
ing of acid metarhodopsin, however, starts small and negative at 20°C., then 
becomes positive and increases to 40 entropy units at 35°C. At higher tempera- 
tures, it may enter the range for protein denaturations, but this is a separate 
consideration (see below). 

In spite of the fact that protein denaturations have very large activation 
energies (EZ, or AH), they usually proceed at temperatures well below 100°C. 
This is because protein denaturations, in general, have large positive entropies 
of activation, so that AF], which is the difference between AHf and TASt, 
always has a value of about 22 to 26 kcal. per mole (Glasstone et al., 1941, pp. 
442-447; Stearn, 1949, p. 32). 

ASt may be considered a measure of the configurational change which occurs 
during the activation process. Protein denaturations entail a randomization of 
the structure of the protein fabric, hence a large positive AS{. Most simple 
chemical reactions entail smaller configurational changes. For these, ASt 
is consequently closer to zero, and positive or negative depending on whether 
the configuration of the activated complex is more or less probable than that 
of the reacting molecules (for discussion of ASt see Stearn, 1949, pp. 60-66). 

The present experiments suggest that the thermal bleaching of rhodopsin 
is caused by the denaturation of the protein moiety, whereas the bleaching 
of acid metarhodopsin, particularly at 20°C., involves only minor changes in 
configuration, such as may be associated with the simple dissociation of the 
chromophore from opsin. 

If it is true that thermally bleached metarhodopsin is dissociated but not 
denatured, it should be possible to resynthesize rhodopsin from neo-} retinene 
and thermally bleached acid metarhodopsin. As mentioned above, this is not 
the case. This failure to regenerate rhodopsin, however, does not necessarily in- 
validate the above conclusions. Opsin generally is denatured more readily than 
rhodopsin (Radding and Wald, 1955-56 6; unpublished experiments from this 
laboratory by Brown and by Dowling). One of us has recently studied the ther- 
mal denaturation of cattle rhodopsin and opsin (Hubbard, unpublished exper 
ments). Cattle opsin is denatured above about 40°C., while rhodopsin is stable 
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up to about 60°C. Above 40°C. bleaching of cattle rhodopsin by light is fol- 
iwed immediately by the thermal denaturation of opsin and is therefore irre- 
versible. If squid rhodopsin and opsin behave similarly, free opsin may dena- 
ture above about 15°C. The thermal bleaching of acid metarhodopsin at 20°C. 
therefore, though due to the simple dissociation of retinene from opsin, may be 
eadered irreversible by the rapid denaturation of opsin. The rise with tempera- 
ture of E, and ASt suggests that at the higher temperatures, denaturation of 
the protein moiety becomes the primary cause of bleaching with acid meta- 
hodopsin, just as with rhodopsin. The data on thermal bleaching of squid 
thodopsin and acid metarhodopsin may therefore be summarized tentatively 
as follows:— 


35° C. 
rhodopsin == — denatured opsin +  retinene 





Acid metarhodopsin ————— native opsin +  retinene 


| 


denatured opsin 


bove 30-35° C 
Acid metarhodopsin = >» denatured opsin + retinene 





Recapitulation—Light interconverts squid rhodopsin and metarhodopsin. 
Both consist of retinene bound to opsin at the same site, but in rhodopsin the 
retinene is in the neo-b (11-cis) configuration, whereas in metarhodopsin it is 
all-irans. This difference in the shapes of the chromophores exerts a marked 
efect on the stabilities of the two compounds. Thus rhodopsin is much more 
resistant than metarhodopsin to chemical attack or heat. 


3. Regeneration of Squid Rhodopsin 


We showed above that the regeneration of squid rhodopsin from metarho- 
dopsin in solution requires light and always yields a steady state mixture of 
thodopsin and metarhodopsin. Squid retinas, however, contain rhodopsin 
uncontaminated with metarhodopsin. This is true to a first approximation, 
even when the animals have been kept in moderate light, or have been light- 
adapted with a photoflash lamp prior to decapitation in the dark. Yet isolated 
retinas or rod suspensions exposed to light form mixtures of rhodopsin and 
metarhodopsin. If we assume that light converts rhodopsin to metarhodopsin 
also in vivo, the squid retina must possess a mechanism for reconverting meta- 
thodopsin to rhodopsin quantitatively and rapidly in the dark. We have been 
unable to demonstrate this reaction in isolated retinas, rods, or rhodopsin 
solutions. 

What pathways are open for regenerating rhodopsin in the squid retina? 
Ithas been shown that the eyes of crustacea—the lobster and certain euphau- 
Sids—contain large amounts of vitamin A (Fisher, Kon, and Thompson, 
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1952, 1954, 1955), specifically in the form of the neo-b (11-cis) isomer (Wald 
and Burg, 1956-57; Wald and Brown, 1956-57). The squid eye contains very 
little vitamin A (Wald, 1941, 1942; Fisher, Kon, and Thompson, 1956)—oniy 
5 to 10 per cent of its rhodopsin content on a molar basis—all of it in the form 
of the all-‘rans isomer. It contains also very little free retinene. About 90 per 
cent of its retinene is bound to protein in light or darkness (Wald, 1941, 194 ). 
The protein-bound retinene can be accounted for entirely as rhodopsin, 
We have determined protein-bound retinene and rhodopsin in aliquots of homo- 
genized squid retinas. One experiment yielded 0.076 micromole rhodopsin, 
compared with 0.074 micromole protein-bound retinene; another yielded 0,023 
micromole rhodopsin, as against 0.024 micromole protein-bound retinene. 
The squid eye therefore has essentially no stores of vitamin A or free retinene 
to tap for rhodopsin synthesis. The visual system must involve primarily inter- 
conversions of rhodopsin and metarhodopsin. The pH of the squid body fluids 
presumably is like that of sea water, which ranges between pH 7.5 and 84 
(Sverdrup, Johnson, and Fleming, 1942, pp. 194-195, 209-210). The squid 
retina in the light therefore should contain both acid and alkaline metarhodop- 
sin, either of which could be the physiological precursor of rhodopsin. 
Clearly the squid must also possess some way of synthesizing rhodopsin 
from vitamin A or retinene, for these are its ultimate sources. The squid eye 
must therefore possess at least ‘wo mechanisms for rhodopsin synthesis in the 
dark: one, a rapid conversion of metarhodopsin to rhodopsin; the other, a 


possibly slow synthesis of chromoprotein (rhodopsin or metarhodopsin) from 
retinene and opsin. Neither of these has yet been demonstrated in vitro. 


DISCUSSION 


The prosthetic group of rhodopsin is neo-b retinene both in vertebrates and 
in the squid. But whereas light bleaches vertebrate rhodopsins to mixtures of 
all-trans retinene and opsin (Hubbard and Wald, 1952-53), it converts squid 
rhodopsin to the all-trans chromoprotein, squid metarhodopsin. Light there- 
fore effects a stereoisomerization in both types of rhodopsin system. 

We need not labor the point that a pigment, in order to be effective in vision, 
must be changed by visible light in some way that can be translated into a ner- 
vous excitation. Wald and coworkers have shown that light exposes new reac- 
tive groups on opsin which may be ultimately responsible for the initiation 
of the nerve impulse (Wald and Brown, 1951-52; Radding and Wald, 1955-56 
a, b). We wish to suggest, however, that the primary effect of light is the stereo- 
isomerization of the chromophore to the all-trans configuration. In vertebrates, 
this is followed by a series of now familiar dark reactions, whereby retinene 's 
split from opsin (Wald, 1937-38; Lythgoe, 1938; Wald, Durell, and St. George, 
1950). In the squid, under physiological conditions, there is no dark reaction. 
In other words, the primary difference between the squid and vertebrate tho- 
dopsin systems involves the stability of metarhodopsin. In the squid it is rela- 
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tively stable, and the system appears ordinarily to involve no more than the 
reversible stereoisomerization of the chromophore in the reaction, 


light 
Rhodopsin - metarhodopsin. 


In vertebrates the metarhodopsin is unstable and dissociates to retinene and 
opsin, followed by the reduction of retinene to vitamin A. 

Collins (1953) and Morton and Pitt (1955) have shown that in cattle rhodop- 
sin, retinene is attached to an amino group on opsin, forming a Schiff base, 
N-retinylidene-opsin, 

H H 
CisHey-C==O + 4H,N-opsin == CipH27-C==N-opsin + H,0. 
Retinene Schiff base 


The rhodopsin chromophore is thought to be derived from the conjugate acid 
H + 
of this Schiff base, CisH2;-C==N-opsin (Morton and Pitt, 1955; Hubbard, 
H 
1958 6). However, several lines of evidence show that the aldehyde group serves 
only to anchor retinene to opsin. Its entire hydrocarbon chain is involved in 
making the chromophore of rhodopsin or metarhodopsin (cf. Wald, 1956; 
Hubbard, 1958 b). Moreover, the geometric configuration of retinene determines 
its capacity to be fitted onto the surface of opsin, and hence its capacity to 
form a stable chromophore. 

Fig. 11 illustrates schematically a possible difference between vertebrate 
and squid opsins which may account for their different chemical behavior. 
Let us assume that both types of opsin complement the shape of the neo-d 
chromophore from the Schiff base linkage at the right to the B-ionone ring 
at the left. With vertebrate opsins (Fig. 11, left) isomerization to the all-trans 
configuration pulls the chromophore away from the opsin surface, leaving it 
attached only by the Schiff base linkage. In neutral solution, such Schiff bases 
readily hydrolyze to the free aldehyde and the amine (Pitt e¢ al., 1955; Morton 
and Pitt, 1955), so releasing the chromophore as all-frans retinene. Squid opsin 
(Fig. 11, right), however may fit the geometry of both the neo-b and all-trans 
chromophores, and stabilize both against hydrolysis. Yet, as we have seen, 
even squid metarhodopsin is considerably less stable than rhodopsin. 

These observations have implications for the excitation process. Electrical 
responses can be recorded from the receptor cells within milliseconds after the 
onset of light (cf. Hartline, 1954). Wald (1954) has therefore suggested that 
visual excitation probably depends upon the transformation of rhodopsin to 
lumi- or metarhodopsin, rather than upon the subsequent and much slower 
release of retinene from the chromophoric site. 

It is known that light exposes new reactive groups on opsin which may play 
a significant part in nervous excitation (Wald and Brown, 1951-52; Radding 
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and Wald, 1955-56 a, 6; Wald, 1956). The irradiation of cattle rhodopsin 
immediately exposes one titratable group with pK 6.6 (Radding and Wald 
1955-56 a), while irradiation of squid rhodopsin exposes one titratable group 
with pK 7.7. These pK’s are at or just below the pH’s of the respective body 
fluids. The exposure of these groups may be ultimately responsible for trig- 
gering the propagated impulse. 

Can we identify the ionizable group with pK 7.7 in squid metarhodopsin? 
Ball et al. (1949) have shown that the Schiff bases of retinene are pH indicators 


ie i. 
t 


all-trans 


- 





VERTEBRATE y, SQUID OPSIN 
[iii | SN YY 
Fic. 11. Steric fit between retinene chromophores and vertebrate and squid opsins. 
Hypothetical configurations of the chromophoric sites on vertebrate and squid opsin. 
Both opsins complement the shape of the neo-b chromophore all the way from the 


Schiff base linkage at the right to the 6-ionone ring at the left. But while squid opsin 


(right) also complements the shape of the all-trans chromophore, vertebrate opsin 
(left) does not. 


since addition of a hydrogen ion to the —C==N— linkage shifts the absorption 
spectrum toward longer wavelengths. The pH indicator properties of squid 
metarhodopsin are apparently associated with the titration of the Schiff base 
linkage (see p. 507): 


H Bm ¢ 
Ci9 He -C==N -opsin a H+ —_ C.9He7 - C=N - opsin. 
H 


Alkaline metarhodopsin Acid metarhodopsin 


The study of simple Schiff base models of the rhodopsin chromophore has 
been haunted by the notion that a proper analog should bleach in the light 
(cf. Pitt et al., 1955). We have suggested that the photosensitivity of rhodopsin 
is due to the fact that light isomerizes the neo-b chromophore to the all-irans 
configuration. Bleaching per se is not a necessary concomitant of this photo- 
isomerization, but follows only if the isomerized chromophore does not fit the 
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opsin surface. When such fitting of the hydrocarbon chain of retinene is not 
svolved—as in structurally simple analogs—there is no reason to expect 
bleaching. 

In conclusion, we note that for the process of vision, the eye has selected a 
reaction in which the direct effect of light is to change the shape of the pros- 
thetic group of a chromoprotein, so changing its relationship with the protein 
surface. We have come to expect proteins to impose stringent steric require- 
ments in their interactions with other molecules. The stereospecificity of opsin 
provides a mechanism for translating the absorption of quanta of light instan- 
taneously into a chemical reaction, which may then be communicated as the 
physiological event of visual excitation. 
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ABSTRACT 


The effects of varying external concentrations of normally occurring cations on 
membrane potentials in the lobster giant axon have been studied and compared with 
data presently available from the squid giant axon. A decrease in the external con- 
centration of sodium ions causes a reversible reduction in the amplitude of the action 
potential and its rate of rise. No effect on the resting potential was detected. The 
changes are of the same order of magnitude, but greater than would be predicted for 
an ideal sodium electrode. Increase in external potassium causes a decrease in resting 
potential, and a decrease in potassium causes an increase in potential. The data so 
obtained are similar to those which have been reported for the squid giant axon, and 
cannot be exactly fitted to the Goldman constant field equation. Lowering external 
calcium below 25 mm causes a reduction in resting and action potentials, and the oc- 
casional occurrence of repetitive activity. The decrease in action potential is not solely 
attributable to a decrease in resting potential. Increase of external calcium from 
25 to 50 mM causes no change in transmembrane potentials. Variations of external 
magnesium concentration between zero and 50 mm had no measurable effect on 
membrane potentials. These studies on membrane potentials do not indicate a clear 
choice between the use of sea water and Cole’s perfusion solution as the better external 
medium for studies on lobster nerve. 


A lobster giant axon preparation has recently been described by Tobias and 
Bryant (1955). These investigators were, in part, looking for a preparation 
to substitute for the squid giant axon, a biological tool which, as they point 
out, has a rather limited and only a seasonal availability. In this laboratory we 
have been confronted with the same problem and have also found a lobster 
giant axon an excellent preparation for certain types of experiments. However, 
not only did we want a giant axon preparation to use when squid were unavail- 
able, but we also desired a preparation with which to compare some of the 
results that have been obtained on the squid axon. A number of experiments, 
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especially those concerned with ionic currents across nerve membranes (see 
Cole, 1949; Hodgkin and Huxley, 1952), have been done only on cephalopods, 
and it seemed to us very important to be able to repeat them on other prepara- 
tions. The question of the adaptability of certain of the techniques (such as 
“voltage clamp” experiments) used on the squid to the considerably smaller 
lobster axon is still under investigation in this laboratory. However, other 
results from the squid may be readily compared with any preparation into 
which it is possible to get a microelectrode. Testing the effects of external jons 
is one such investigation. Not only is this information necessary before further 
experiments with ionic currents can be done, but it is also important in deciding 
which sort of perfusion solution to use. 

This investigation of the effects of changes in external ion concentration on 
membrane potentials (resting and action potentials) is a first step in the evalu- 


ation of the lobster giant axon as a preparation suitable for the study of ionic 
currents. 


Materials and Methods 


Lobsters (Homarus americanus) were obtained from the local fish market, where 
they arrive twice a week by refrigerated truck from the vicinity of Gloucester, Mas- 
sachusetts. They were stored in sea water tanks equipped with an aerating-filtering 
system in a cold room at about 36°F. 

Our nerve preparation differs from that described by Tobias and Bryant in that 
they used the third pair of connectives of the ventral nerve cord in the thorax, while 
we used the first pair, the circumesophageal connectives. The circumesophageals 
are somewhat more easily obtained than other thoracic connectives, and they yield 
a longer nerve. Dissection was from the dorsal side; the circumesophageals are easily 
seen after removal of the carapace and thoracic viscera. It is necessary to remove only 
the first plate of the endoskeleton (the first sternal apodeme) to uncover the point at 
which the connectives join at the subesophageal ganglion. The circumesophageals 
are then tied off and removed singly. An average sized lobster (134 to 134 pounds) 
gives about a 3 cm. length of nerve. The nerve sheath is easily removed by slitting 
longitudinally with iridectomy scissors, and gently pulling away. The giant axons 
are on the surface of the nerve, and may be easily seen under a low power dissection 
microscope. There are three giants in each connective in the circumesophageals, 
which is in contrast to the two pairs reported by Tobias and Bryant in the third 
pair of connectives. The diameter of the giants from lobsters of the size used was 
approximately 100 micra. The single giants may be readily dissected from the rest of 
the nerves in the bundle, but since they lie on the surface it is unnecessary to do so 
for intracellular recording, and indeed it is even better not to, since they are better 
supported for microelectrode penetration undissected, and are not subjected to the 
additional handling necessary for separation. 

A diagram of the nerve chamber is shown in Fig. 1. The nerve was placed across 
the stimulating electrodes, then held in place below the perfusion fluid level in a 
V-groove by four nylon cross-pieces. The posterior portion of the nerve was placed 
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across the stimulating electrodes and was not desheathed because the occasional small 
branches make the process more difficult in this region. The giant axons, however, 
jo not show branching throughout the length of the connectives. The microelectrode 
penetration was made somewhere in the V-groove in any one of the three giants, by 
means of a micromanipulator. No differences in the responses of the three giants could 
be distinguished. 


TO VACUUM 
LINE EXHAUST 


» 


TO GROUND 
ELECTRODE 


STIMULATING 
ELECTRODES 


( @ INFLOW 


Fic. 1. Diagram of the lucite nerve chamber. 


There is a lack of unanimity as to what should be used as lobster perfusion solution. 
Some investigators have used a perfusion solution worked out jor the lobster heart 
by W. H. Cole (1941) (e.g. Adelman, 1956). There is some question, however, as to 
how suitable this solution may be for lobster nerves. It is based in part on analyses 
of lobster blood, but the actual criterion for the final formula which was adopted 
was how long it allowed the heart to beat with constant amplitude. This in turn in- 
volved the use of a buffer which would retain its buffering properties over a consider- 
able period of time in a heart chamber. For this purpose, Cole used boric acid buffer, 
making the final concentration of borate almost 9 millimolar. This seems to be a 
rather large concentration of an ion which may not occur in lobster blood at all. As 
Cole states, it had no detrimental effect on the beating of the heart, but whether one 
can rule out any measurable effect on nerve response is an unresolved question. Other 
investigators have used sea water as a perfusion solution for lobster (Tobias and 
Bryant, 1955), but this also seems unsatisfactory, since there are considerable dis- 
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parities in concentration of magnesium and sulfate between sea water and lobster 
blood, and lesser differences in potassium concentration. 

A comparison of Maine sea water, lobster serum from Maine lobsters, and Cole’; 
lobster heart solution, taken from W. H. Cole (1941) is listed below: 


Na K Ca Mg cl SOs 
Lobster serum 454 9.3 18.6 9.0 472 5.0 


Cole solution 452 15.0 25.0 8.0 525 4.0 
Maine sea water 458 8.5 11.4 52 500 = 32 


The solution which we used as a standard had the following composition: 


Na K Ca Mg cl SOx 
465 10 25 8 533 4 


The additional sodium is added to make up the difference after removal of the borate 
buffer which Cole used, and the reduction in potassium content. We used a few drops 
(less than 1 millimolar) of phosphate buffer (sodium phosphates) or a few drops of 
tris buffer (tris (hydroxymethyl) aminomethane), to bring the pH to 7.3-7.5. Either 
buffer worked satisfactorily. The potassium was reduced to make its concentration 
more nearly that of lobster blood, and to make our resting potential values com- 
parable to the ones obtained by Tobias and Bryant, who used sea water containing 
about 10 mm potassium for perfusion fluid (Tobias, personal communication). The 
solution incorporating these changes proved to be quite satisfactory in our 
experiments. 

The perfusion solution or experimental solution was fed into one end of the chamber 
by gravity, flow rate being determined by a variable pinch-clamp. Just prior to enter- 
ing the chamber, the solution flowed through a stainless steel tube submerged in an 
ice bath, maintaining the solution temperature in the chamber at 12-15°C. at a flow 
rate of about 5 cc./minute. The circulating solution was maintained at a convenient 
level by withdrawal through a hypodermic needle attached to a vacuum line. Micro- 
electrodes were drawn from 0.8 mm. o.d. pyrex tubing in a Brinkmann puller. Tip 
diameters averaged 1 to 2 micra, and the microelectrode resistance was } to | 
megohm for tips filled with 3 m KCl. Recording and external reference electrodes were 
calomel half cells. The signal was fed to a broad band electrometer preamplifier with 
a gain of five (J. W. Moore, unpublished data), then to a Tektronix type 531 oscil- 
loscope equipped with a high gain p.c. plug-in preamplifier. The signal was also fed 
to a Leeds and Northrup speedomax millivolt recorder for continuous monitoring of 
resting potential. A “slave” cathode ray tube was driven by the master oscilloscope, 
photographs of this second tube being taken by a Grass camera. External stimulating 
pulses were supplied by tektronix pulse generators. An arrangement for stimulating 
directly through the recording microelectrode was used at times, but the stimulus 
artifact in this case somewhat interfered with records of the local response. 


RESULTS 


For fifty-six satisfactory impalements of the same number of different axons, 
the mean resting potential value was 71.0 mv., with a standard error of +0.58 
mv. Mean spike potential was 117.9 mv., with a standard error of +1.25 mv. 
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siving a mean overshoot value of 46.9 mv. However these mean values are 
somewhat arbitrary, and should be considered as such. A number of micro- 
electrode penetrations were obviously poor, and all axons showing a resting 
potential of less than 60 mv. were rejected, and are not included in the means 
given. Spike potentials showing “notching” as described by Tobias and Bryant 
were sometimes seen, but only from nerves which showed exceptionally low 
resting potentials (below 55 mv.) and spike potentials (below about 60 mv.). 
The postulate of Tobias and Bryant that this notch represents conduction 
block in the region of the penetrating electrode seems to us a satisfactory 
explanation. 

A phenomenon frequently observed was a slow rise of the measured resting 
potentials immediately after electrode penetration. This occurred for about 
10 minutes after penetration, after which a steady value was maintained. 
Resting potentials sometimes rose as much as 10 or 15 mv. during this period. 
This rise may represent some sort of repair of damage at the site of penetration, 
or a sealing of the membrane around the tip. An attempt was made to 
correlate this rise with diameters of the microelectrodes, but results were not 
conclusive. 


Sodium 


The effects of changes in the external concentration of sodium ion on the 
action potential of the squid were studied by Hodgkin and Katz (1949). They 


found that considerable changes in external sodium had little or no effect on 
the resting potential, but the action potential was considerably affected. A 
decrease in the external sodium concentration caused a decrease in the action 
potential, which was of the same order of magnitude as for an ideal sodium 
electrode (i.¢., a decrease of 58 mv. per decade change of external sodium con- 
centration). The fit with the ideal curve was best for small changes in sodium, 
but there was a considerable deviation from the ideal 58 mv. slope at lower 
sodium concentration, the decrease in action potential being more than pre- 
dicted at low external concentrations of sodium. They also found that the 
maximum rate of rise of the action potential followed very much the same 
pattern, with decreasing sodium. 

Studies on changes of external sodium ion are more difficult than studies on 
changes of other ions, because the sodium ion makes up the predominant part 
of the normal external medium. Thus a small percentage change of external 
sodium may cause a rather large change in osmotic pressure of the external 
solution. This deficiency must then be made up with some other ion. The ion 
used for substitution should, of course, be a large ion which does not penetrate 
the membrane, one which has no effect of its own on the nerve response, and 
one which exists as the chloride, so that the chloride balance may be held con- 
stant, since chloride is the chief anion in the external solution. Choline chloride 
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is the compound which has been most commonly used in sodium substitutio 
experiments (Hodgkin and Katz, 1949; Hodgkin and Huxley, 1952). However, 
there has been some suspicion that choline may have a detrimental effect on 
some nerve preparations (Cole, personal communication). For this reason, on 
the lobster, in addition to using choline chloride as a sodium substitute, we also 
used in some experiments the common biochemical buffer, tris (hydroxymethy!) 
aminomethane. In order to bring the pH of the tris solution into the physio. 
logical range, it is necessary to convert a portion of the free base to the chloride 
However, it does not al! exist as chloride at a pH of 7.3-7.5, and when tris is 











Fic. 2. Progressive decline of spike from a nerve in which the external medium 
had been changed from normal solution to one containing 25 per cent of normal 
sodium (superimposed tracings). Individual records were taken at intervals of approx- 
mately 1.5 to 2 minutes. 


substituted for sodium, the solution contains a mixture of tris ions, chloride 
ions, and tris as free base. The total amount used was such as to keep the 
osmotic pressure constant. Thus the over-all chloride concentration is not the 
same as in normal physiological solution. Some experiments were performed 
using dextrose as the substitute for sodium chloride, in which case the external 
concentration of chloride was very much reduced. In the lobster, little dif- 
ference could be distinguished between the action of choline chloride, trs, 
and dextrose. There may have been some small quantitative differences, but 
these did not appear to be significant. The general pattern one sees with re- 
duced external sodium on the lobster axon is very similar to that which Hodgkin 
and Katz obtained on the squid. After correction for changes in liquid junction 
potential with changed external solution, no significant change in resting po- 
tential could be detected with sodium reduced to as much as 25 per cent of 
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normal. Large decreases in action potential amplitude and action potential 
rate of rise were seen, however. The progressive decline and change of wave 
form of the action potential from a nerve switched from normal sodium to 25 
per cent of normal sodium are shown in a series of superimposed tracings in 
Fig. 2. The decrease in spike amplitude is, in the lobster as in the squid, of the 
same order of magnitude as for an ideal sodium electrode. However, the lobster 
axon deviates more from the ideal than does the squid, especially at low sodium 
concentrations (i.¢., there is more than 58 mv. decline in spike amplitude per 
decade decrease of external sodium). Quantitative measurements were made 
more difficult by the fact that the decrease of action potential in lowered 
external sodium does not seem to reach a completely steady state, but after 
an initial rather large decrease shows a slower droop as the nerve remains 
longer in the reduced sodium solution. Conduction block sometimes occurred 
when sodium was reduced below 50 per cent of normal. These effects were, 
however, all completely reversible in either choline chloride, tris, or dextrose. 
In one experiment, a nerve was kept in isotonic dextrose for 30 minutes, after 
which it showed complete recovery. 

No attempt was made to increase the external concentration of sodium ions, 
because of the difficulties involved, entailing a considerable increase in the 
external osmotic pressure. 


Potassium 


Changes in potassium ion concentration in the external medium were 
compensated for by changes in sodium chloride, since the corresponding 
percentage change of sodium chloride is very small for a large percentage 
change of potassium chloride. 10 millimolar potassium was taken as the reference 
concentration of external potassium, and nerves were changed from 10 mm Kt 
to the experimental concentration desired. The effects of changes of external po- 
tassium on the membrane resting potential are shown in Fig. 3. The numbers 
corresponding to the points given on the graph are the number of changes be- 
tween normal potassium concentration and the experimental concentration, of 
which the point is the average. Five axons were used to obtain these points. The 
curve is drawn as the best curve through the experimental points obtained. The 
dashed portion of the curve (K+ concentration higher than 50 mm) is an extra- 
polation, and is the 58 mv. line (i.e., the change in resting potential which 
would be predicted for an ideal potassium electrode). As other workers have 
found in nerve and muscle (Curtis and Cole, 1942; Jenerick, 1953), the 58 mv. 
lope is obtained only at high external potassium concentrations. In these ex- 
periments, the external potassium concentration was not increased above 50 
mM because at such high concentrations irreversible changes in membrane 
potentials occurred. The general shape of the curve shown in Fig. 3 is quite 
similar to that obtained on the squid by Curtis and Cole (1942). In their 
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preparation, too, the straight line 58 mv. relationship was obtained at higher 
potassium concentrations only. Attempts have been made (Jenerick, 1953; 
Adrian, 1956) to fit such points as those given here to the Goldman constant 
field equation (Goldman, 1944). Such attempts have met with varying amounts 
of success. Since the Goldman equation requires that the internal concentra. 
tions of potassium, sodium, and chloride be known, precise attempts at fitting 
the lobster data to the Goldman equation were not possible. However, if one 
assumes for the lobster internal concentrations of ions which are known for the 
squid (which may have some basis, since both are marine invertebrates), one 
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Fic. 3. Effect of changing external potassium concentration on membrane resting 
potential. The potassium concentrations are plotted on a logarithmic scale. The 
numbers beside the points represent the total number of measurements, of which the 
point is the mean. Standard errors range from +0.4 mv. (for the point at 15 mw K*) 
to +2.4 mv. (for the point at 50 mm K*). 


can make an attempt at fitting these data to the Goldman equation. Little 
success was obtained with these attempts. The curve can be made to fit at 
higher K* concentrations, but in such cases it fails to do so by a considerable 
amount at lower K+ concentrations. Indeed, in these mathematical manipula- 
tions one obtains a negative permeability ratio for chloride: potassium, em- 
ploying the Goldman equation in the form used by Jenerick (1953). Such a 
negative ratio makes little sense in these considerations, and it is tentatively 
concluded that the Goldman equation does not describe the situation in the 
lobster, at least when ion permeabilities are assumed to remain constant with 
changes in the external potassium concentration. 
Action potential amplitudes are of necessity decreased when the resting 
potential is decreased (unless the overshoot should actually increase). However, 





JOHN C. DALTON 537 


‘n these experiments the action potential decreased more than could be ac- 
counted for by resting potential decrease. The action potential is reduced to 
yero (not suddenly blocked, but progressively reduced) when the resting 
potential falls below about 55 mv. in high potassium solutions. This seems to be 
in good agreement with data from the squid giant axon (Curtis and Cole, 1942). 

Effects obtained by changes in external potassium concentration up to 50 
ma external potassium were completely reversible. The time course for the 
change in the experimental solution was the same as that for recovery upon 
return to the reference solution, a steady state value being obtained after about 
5 minutes. 


Calcium 


Changes in external calcium ion were roughly compensated by changes in 
external sodium ion. In the case of calcium, as for potassium, the percentage 
change of sodium required to maintain osmotic balance is quite small in pro- 
portion to the percentage change in the calcium. 

The choice of a normal external concentration of calcium is not easily made. 
In sea water, calcium concentration is approximately 10 mm, while in the 
lobster perfusion solution of Cole, 25 mm is the standard concentration. In 
these experiments, 25 mm was used as the reference calcium concentration. 
There is evidence that the blood calcium in the lobster undergoes rather wide 
fluctuations (W. H. Cole, 1941); this is related to the molt cycle in the spiny 
lobster (Travis, 1955) and probably in other crustaceans. Information as to the 
elect of changing external calcium concentration on membrane potentials in 
invertebrate axons is not available. However, in bundles of myelinated fibers 
(Straub, 1956; Staémpfli and Nishie, 1956), a reduction in external calcium 
causes a reduction in resting potential. 

The effect of changing external calcium on resting potential in the lobster 
giant axon is shown in Fig. 4. The numbers beside the points are the number 
of changes between 25 mm and the experimental concentration, of which the 
point is the average. It should be pointed out that the figures for zero external 
calcium do not represent a complete steady state value. There was some evi- 
dence that the resting potential continued to fall slightly as the nerve remained 
in zero calcium. Extreme precautions were not taken to reduce the calcium to 
an absolute minimum value, and may not be feasible when the axon is still in a 
whole nerve bundle. The figures for zero calcium are thus only nominal zero 
values. The saturation effect on resting potential shown in external concentra- 
tions above about 20 mm may be compared to other saturation effects seen in 
other studies of calcium (see Brink, 1954). 

The time course of change of membrane potentials in a preparation which 
was switched from 25 mm to zero calcium is shown as a typical experiment in 
Fig. 5. Some interesting points may be brought out in reference to this figure. 
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Fic. 4, Effect of changing external calcium concentration on membrane resting 
potential. The numbers beside the points represent the total number of measure- 
ments, of which the point is the mean. Maximum standard error +0.4 mv. 
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Fic. 5. Time course of potential changes from a nerve in which the external medium 
had been changed from normal solution (25 mm calcium) to one containing 2et 
calcium. The distance between the curves marked “resting potential” and “overshoot 
represents the height of the action potential. 
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It is seen that resting potential starts to decline as soon as the nerve is put in 
zero calcium, and continues to do so until it reaches an approximate steady 
state value. However, the overshoot initially remains constant, and so the 
observed initial decline in the action potential is the result oly of the decrease 
in the resting potential. After this delay, however, the overshoot also shows a 
decline. The time course for recovery from low calcium is considerably more 
rapid than the manifestation of the effects of low calcium. The effects of changes 
in calcium concentration are virtually completely reversible. 
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Fic. 6. Initial changes in action potential from a nerve in which the external 
medium had been changed from normal solution (25 mm calcium) to one containing 


zero calcium (superimposed tracings). Spike labelled C is normal; B and A show 
progressive response to low calcium, and were taken at about 8 and 12 minutes from 
beginning of treatment, respectively. 


Changes in external calcium concentration also have a marked effect on the 
form of the action potential. In lowered calcium, the duration of the action 
potential is decreased (as is its magnitude). An “undershoot” (the recovery 
phase of the spike undershoots the baseline, the internal electrode becoming 
momentarily more negative than the steady state resting potential), which is 
hot present in the usual external solution develops in low calcium solution. This 
undershoot is apparently characteristic of the action potential from the squid 
giant axon, and is regularly larger than the one from the lobster axon developed 
in low calcium fluid. In high calcium solutions, the opposite of an undershoot 
is seen: the potential is slow in returning to the baseline. The magnitude of the 
action potential does not change when external calcium is increased from 25 to 
50 mu. The variation in action potential wave form is shown in Fig. 6, which 
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shows the initial changes which occur in low calcium solution. These tracings 
are taken from the same experiment as the one used in Fig. 5. 

Reduction in external calcium concentration is known to produce repetitive 
activity in a variety of excitable tissues (for review of calcium effects, see 
Brink, 1954). Such activity resulting from reduced calcium sometimes occurs 
in the lobster axon, but its occurrence was the exception rather than the rule. 
The repetitive activity was of a slow spontaneous type (no external electrica| 
stimulus was applied) with a frequency in the order of 1/second. A single 
electrical stimulus gave only a single response; other treatments (such as with 
veratridine) causing repetitive activity may result in the appearance of a 
train of impulses to a single stimulus. Characteristics of repetitive activity in 
the lobster axon induced by a variety of conditions will be discussed in a 
subsequent paper (Dalton, data to be published). 


Magnesium 


In some preliminary studies on the squid giant axon, K. S. Cole and coworkers 
(personal communication) found that magnesium will substitute completely 
for calcium in external medium in the prevention of spontaneous repetitive 
activity. It is apparently true in the squid that the total external divalent 
cation concentration is the important factor in the control of repetitive activity. 
It makes no difference whether the medium divalent cation complement is 
completely calcium, completely magnesium, or a combination of the two. 

The concentration of magnesium ion in the blood of the lobster is considerably 
below that of sea water (8 mm versus 50 mm in sea water). It might then be 
expected that magnesium might have a considerable effect on membrane 
potentials in lobster nerve, since the lobster apparently expends energy in 
extruding magnesium ions. Other marine crustaceans have been shown to 
excrete magnesium in the urine. (For references see Prosser ef al., 1950.) 8 mu 
magnesium was used as the reference concentration in these experiments. If 
the calcium concentration is kept constant at 25 mm, and the magnesium con- 
centration varied between zero and 50 ma, no effect on resting or action poten- 
tial can be observed. Likewise, if the external calcium is reduced to zero and 
the resting and action potentials allowed to fall to a steady value, then 
variations in magnesium between zero and 50 mm have no further effect on 
changes in resting and action potentials. 

It is concluded from these experiments that magnesium ion has little or no 
role in the lobster giant axon’s ability to maintain transmembrane potentials. 
Data for membrane potential variation with changes in external magnesium 
in the squid giant axon are not available. It would seem likely, however, 0 
view of magnesium’s ability to substitute for calcium when repetitive activity 
is the measured parameter, that magnesium can also substitute for calcium 
the control of membrane potentials. 
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DISCUSSION 


The effects of changes in external cation concentration on the lobster giant 

axon are similar to those which have been obtained on the squid in several 
respects. The results with external potassium are almost identical to the results 
obtained by Curtis and Cole (1942). In the case of sodium, the effects are in 
the same direction and of the same order of magnitude, differences being only 
quantitative, in comparison with the results found by Hodgkin and Katz 
1949). 
, a situation in regard to calcium and magnesium is more complicated. 
Information as to the effects of these ions on membrane potentials in the squid 
is not available. It is known that reduced external calcium causes a drop in 
resting potential in myelinated nerve bundles (Staémpfli and Nishie, 1956). 
However, Wiedmann (1955) reports that changes in external calcium had little 
effect on the size and shape of the action potential or the value of the maximum 
diastolic membrane potential in Purkinje fibers of sheep. Although present 
evidence is not conclusive, information obtained in this laboratory indicates 
that lowering external calcium probably does reduce the resting potential in 
the squid. 

The lack of effect of external magnesium on membrane potentials in the 
lobster was unexpected. Interaction between magnesium and calcium as regards 
membrane potentials was not demonstrated. However, in addition to the 
interaction on influence of repetitive activity already mentioned for the squid, 
Adelman (1956) reports that both magnesium and calcium must be reduced to 
induce spontaneous activity in some of the motor fibers in the lobster leg nerve. 
Whether lobster giant axon and squid giant axon will prove to have the same 
responses to external calcium and magnesium when identical parameters are 
measured can be only speculative at this time. Even if they should prove to be 
different, a rather simple tentative explanation could be advanced to explain 
the difference: it could be postulated that calcium has specific sites somewhere 
in the “membrane,” and this “fit” is more critical in cases where magnesium 
will not substitute for calcium than when it will. 

Inasmuch as considerable attention has been given to the possible extension 
of the Hodgkin-Huxley model to nerves other than the squid giant axon, it is 
important to demonstrate whether the effects of external ions are similar in a 


variety of nerve preparations. More experiments with other giant axons are 
contemplated. 


‘The assistance and encouragement of the other members of the Laboratory of 
Biophysics, especially Dr. Kenneth S. Cole, Chief, are gratefully acknowledged. 
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ABSTRACT 


The lateral geniculate nucleus of the cat was explored with micropipettes having 
submicroscopic tips. The only reliably recorded intracellular activity was from axons. 
Following orthodromic stimulation, the potentials recorded by the extracellular 
electrodes registered the net flow of current across the soma-dendritic membrane 
of the principal cell bodies, The current has three phases of flow away from the soma- 
dendritic membrane followed by a flow of current toward this membrane. The first 
component is ascribed to synaptic activity. Subsequent components are ascribed to 
the activity of the initial segment of the axon and a limited area of high threshold 
membrane on the soma. The evidence is interpreted as suggesting that most of the 
soma-dendritic membrane is excited synaptically to produce a postsynaptic potential, 
but is not excited electrically and does not produce a propagating spike. 


INTRODUCTION 


The use of capillary micropipettes has provided much illuminating informa- 
tion about the physiology of nerve cells. These data have been obtained, pri- 
marily, by the use of intracellularly placed electrodes that record changes in 
membrane potential. Further information about the nature of the activation 
of the parts of the neuron and the sequence of activation of the parts can be 
obtained by recording the extracellular potentials. Because of the complicated 
structure of the neuron, the potential field around a population of somata, 
axons, and dendrites is complex. As has been shown by Fatt (17), this com- 


Material supplementary to this article) has been deposited as Document number 
3436 with the ADI Auxiliary Publications Project, Photoduplication Service, Library 
of Congress, Washington 25, D.C. A copy may be secured by citing the Document 
number and by remitting $1.25 for photoprints, or $1.25 for 35 mm. microfilm. Ad- 
vance payment is required. Make checks or money orders payable to: Chief, Photo- 
duplication Service, Library of Congress. 
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plexity makes it difficult to analyze the potential field set up by the parts of 
the neurons in a population of neurons. However, if the tip of the pipette js 
assumed to be practically in contact with the soma-dendritic membrane, the 
analysis of the potential field is simplified. The record will then be caused by 
the flow of the net membrane current in the extracellular space, if other cop. 
ditions are fulfilled. Fatt and Katz (18) and Castillo and Katz (9) have em. 
ployed a method like this for extracellularly recording the flow of current 
generated by miniature end plate potentials at the myoneural junction. This 
analysis of the activity of the principal cells of the lateral geniculate nucleys 
of the cat is based on these assumptions, which have a reasonable experimenta| 
basis. 


Methods 


The arrangement of the experiments is shown in Fig. 1. One stimulator, 5;, er. 
cited the contralateral optic nerve (OT). The technique described by G. H. Bishop 
and Clare (3) for stimulating the optic nerve was used. The other stimulator, 5; 
activated some of the fibers of the optic radiation (R). A row of eight electrodes | 
mm. apart were inserted in the radiation. Stimuli were applied between odd and even 
electrodes in the row. The electrodes were made from steel beading needles that were 
insulated with bakelite varnish to their tips, which were about 100 y in diameter. 

The responses were recorded with two sizes of electrodes. The larger of these was 
made from either a steel beading needle, like those inserted in the radiation, or from 
a quartz pipette having an outside diameter at the tip of 75 u. The quartz pipette 
was filled with Tyrode’s solution, and a 25 yw silver wire was inserted in the tip in 
order to reduce the electrode’s resistance. The responses recorded by the needle and 
the quartz pipette were the same. This coarse electrode, P: in Fig. 1, was inserted 
in the geniculate along a vertical plane of the stereotaxic coordinates and at an angle 
of 30° anterior to a perpendicular. Recordings from this electrode registered the 
electrical activity of a large group of neurons. 

The other recording electrode, P;, was a machine-drawn glass micropipette of 
the same type as those employed by Frank and Fuortes (19). Usually it was filled with 
3m KCl. Some of the micropipettes used for extracellular recording were filled with 
5 m NaCl. The pipettes were drawn from pyrex 7740 glass tubing that had an outside 
diameter of 1.2 mm., a wall thickness of 0.3 mm., and a dielectric constant of 5.00. 
The calculated capacity for such a cylindrical capacitor is 0.40 pico-farad/mm. For 
the entire length of the micropipette, except for the 2 to 3 mm. length where the 
taper is the greatest, this value agrees with the measured capacity with less than 10 
per cent variation. This agreement indicates that the ratio of outside to inside di- 
ameters is relatively constant despite the taper. Since the lateral geniculate (LGN) i 
15 + 1.5 mm. below the surface of the cortex, the capacity across the glass walls 0! 
the micropipette in situ is 6.0 pf. This amount of capacity is unavoidable without 
shielding most of the inserted portion of the micropipette. Shielding, however, was 
found to introduce additional problems. Electrodes were selected for a D.C. resistance 
of 15 to 50 MQ when immersed in 3 m KCl, but often their resistance increased five- to 
tenfold after insertion in the brain. A probable cause for the increases in resistanct 
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is that the tip of the pipette became plugged, as suggested by Adrian (1). Therefore, 
the measurements of the resting potentials of impaled neurons were not considered 
to be accurate because it is likely that unknown tip potentials were present. The 
micropipettes were inserted vertically in the geniculate. The pia was not cut, nor were 
the cortex and white matter removed, except in early experiments. Either hydraulically 
or mechanically driven micromanipulators were employed. Difficulties caused by 
movements of the brain that were synchronous with pulse or respiration were hardly 
noticeable after curarization, bilateral pneumothorax, and gentle artificial respiration. 
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Fic. 1. A schematic representation of the arrangement of the experiments. 


Apparently the geometry of the brain is such that the geniculate is remarkably 
stationary. 

A modified MacNichol-Wagner negative capacity preamplifier (27) or, more fre- 
quently, a similar preamplifier designed by Mr. A. Bak of this laboratory received 
the signal, Z,, from a chlorided silver wire in the micropipette. The response of such 
an input probe to a step in voltage applied between the tip of the micropipette and 

al 


(: + ‘)] for the critically damped 
T 


case (21). Ao is the gain of the preamplifier for a D.c. signal, ¢ is time, and 7’ is equal to 
VrR(C; + Cs) inwhich 7 isa single time constant that describes the response of the 
preamplifier when the source impedance of the signal at the input is zero, R is the 
resistance at the tip of the micropipette, C; is the capacity of the micropipette, and 
Cz is the positive feedback capacity in the circuit. Since r is about 0.4 usec. and the 
other terms are unavoidably large, the frequency response is limited by these factors. 


ground is given by the expression A» E -e¢ 
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A device suggested by Dr. J. Y. Lettvin was employed for monitoring the fidelity of th. 
recording and measuring the resistance at the tip of the micropipette. A 1 pf cop. 
denser was connected to the input of the preamplifier, and a negative-going sawtooth 
of voltage was applied between this condenser and ground. This produced a constant 
current pulse of less than 10~'° amp. which flowed through the micropipette. Th. 
voltage pulse that is developed across the resistance at the tip of the micropipette is 
the same as that which would appear if a square pulse of voltage could be applied 
to the tip of the pipette in situ. The tip resistance is proportional to the amplitude 
of the voltage pulse that is developed. 

Both signals, Z; and EZ, were recorded with reference to a chlorided silver wire jp 
the temporal muscle and appeared on the tube face of a dual-beam oscilloscope. 
The sweep velocities of both beams were identical. The amplifiers were operated either 
at a time constant of 0.1 sec. or direct-coupled. 

Experiments were performed on about 40 cats under pentobarbital anesthesia, 
Curarization with intocostrin did not alter the amplitude or configuration of the 
response to optic nerve stimulation, as recorded by the coarse electrode. The blood 
pressure was read from a mercury manometer and was about 80 mm. of mercury. 


Approximately 25 tracts were made by micropipettes in the lateral geniculate of 
each cat. 


RESULTS 


The configuration of the orthodromic response recorded by a coarse micro- 
electrode in the lateral geniculate nucleus of the cat has been analyzed by G. H. 
Bishop and O’Leary (4) and P. O. Bishop (5). They showed that the first two 
components of the response, a positive followed by a negative wave, register 
the electrical activity of the optic tract fibers. This portion of the record will 
be referred to as the tract spike. Within less than a millisecond after the end of 
the second, or negative, phase of the tract spike, there is another negative-going 
deflection. This deflection registers the activity of the postsynaptic structures. 
Examples of these multicellular responses are shown in the lower traces of the 
photographs of Figs. 2 to 6. Positive deflections are upward in all figures. 

If the stimulus to the contralateral optic nerve is submaximal, the slowly 
conducting tract fibers are not excited, and signs of their activity are absent 
in the multicellular records. It is then possible to be certain that only the largest 
group of fibers in the optic tract is excited, as has been shown by G. H. Bishop 
and Clare (3) and P. O. Bishop, Jeremy, and Lance (6). Therefore, neurons 
that respond after the end of the tract spike are postsynaptic. The neurons 
that are labelled as postsynaptic on this basis frequently fire repetitively while 
presynaptic elements, which fire during the tract spike, do not display repetitive 
activity after a single stimulus. Further evidence for the validity of this method 
of identification is furnished by the results of stimulation of the radiation fibers. 
None of the axons that fired during the tract spike after orthodromic stimuls- 
tion responded to the antidromic stimulus. About 20 axons were found that 
responded after the tract spike on orthodromic excitation and also responded 
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to the antidromic stimulus. Their action potentials were like those shown in 
Fig. 2. 

Intracellular Recordings—With possibly one exception,' the only type of 
‘ntracellular record that could be obtained consistently was of the sort shown 
in the upper trace of Fig. 2. It is likely that this trace is a record of the potential 
difference across axonal membrane because a resting potential was obtained, 
and action potentials of similar time course were recorded from the optic radi- 
ation and tract. It is ascribed to a postsynaptic axon because of the repetitive 
fring and its occurrence after the tract spike of the lower trace. The reduction 
in amplitude during rapid firing, as displayed by the second response of this 
axon, has been reported by Tasaki (35). The negative-going pulse at the end 
of the upper trace is the response of the input circuit to a pulse of constant 
current (cf. Methods). 

Extracellular Recordings.—Extracellular responses that lasted over half an 
hour could be recorded consistently from the micropipette. Only one type of 
extracellular response was found, probably because other smaller varieties were 
lost in the noise. An example of this kind of response is shown in the upper 
trace of Fig. 3 B. Responses of this sort from 15 cells were large enough to 
permit a detailed analysis. The response consists of three positive-going com- 
ponents followed by a rapidly negative-going component. The frequency re- 
sponse of the input circuit is given by the negative-going pulse, as in Figs. 2, 3, 
4, and 6. A record of this type which has been corrected for frequency response 
is shown in Fig. 9 B. The correction was made by assuming that the response 


‘The possible exception referred to above is an all-or-none response that appears 
with a resting potential and has a shape like that of an axonal action potential as 
recorded by an input circuit with a very poor frequency response. The response to 
the constant current pulse led to the input is, in fact, poor and shows that the elec- 
trode resistance is over 200 MQ. The questionable responses are recorded from both 
presynaptic and postsynaptic elements. It is probable that they are axonal action 
potentials recorded by a micropipette with a plugged tip. However, the micropipette 
might be recording from inside a small cylindrical neural structure. In this case, the 
resistance between the tip and the extracellular medium would be given by the product 
of the internal resistance per unit length and the length constant divided by two. 
For a structure with the protoplasmic resistivity and membrane resistance of a neuron 
and a diameter of less than 1 yw, the resistance to the extracellular space would be 
greater than 70 MQ. For this calculation, a value of 1000 ohm cm.” was chosen for 
the specific membrane resistance and 50 ohm cm. was chosen for the protoplasmic 


resistivity (11). Such a resistance added to the tip resistance of the micropipette 
would be 


sufficient to make the response to the constant current pulse appear poor. 


Therefc re, 
laithfully 
spread of ¢ 


the possibility cannot be excluded that these prolonged potentials are 
recorded from fine neural structures and arise, for instance, by electrotonic 
in axonal action potential into terminal arborization fibers or by antidromic 
clectrotonic spread into dendrites. 
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to a voltage step, like those in Fig. 3, is a single exponential with a time constant 
of 250 ysec. Although the response has been shown not to be a single exponen- 
tial, the assumption does not introduce an error as large as those inherent in the 
other graphical methods that were tried. The structures that produce this kind 
of response are postsynaptic since they fire after the tract spike and can fire 
repetitively to a single stimulus (Fig. 6). Responses that have a similar time 


course have been reported by Tasaki, Polley, and Orrego (36), who also re. 


corded them from the lateral geniculate with micropipettes like those employed 


Fic. 2. Upper trace, intracellular recording from a postsynaptic axon. Monitoring 
pulse at end of sweep. Lower trace, simultaneously recorded multicellular respons: 
Orthodromic stimulation. Positive deflections are upward in these and in all other 
records. 


in this study, and by Rose and Mountcastle (33), who recorded from other 
thalamic neurons. In addition, similar wave forms were observed by Amassian 
(2) from units in the cerebral cortex, by Svaetichin (34) when he studied the 
dorsal root ganglion cell, by Granit and Phillips (25) in their study of the 
Purkinje cell of the cerebellum, and by Patton and Towe (29) working on the 
Betz cell. Finally, Rayport (32) recorded this kind of response from a cortical 
neuron and then marked it after penetration. He found the stain in the cel 
body. These investigators believed that their recordings were extracellular and 
from soma-dendritic membrane. This is the opinion of the author, too, because 
the responses are from postsynaptic elements but cannot be found in the radi- 
ation and are not recorded with a resting potential. Furthermore, after the 
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response is first recorded, movement of the micropipette for more than 100 y, 
with respect to the head holder, will frequently increase the amplitude until a 
resting potential and an injury discharge appear. Since this response can be 
recorded at some distance from the cell and has a constant shape for at least 
half an hour, it does not seem likely that the membrane properties have been 
considerably altered by the micropipette. Tasaki e/ al. (36) have published a 
record that shows the increase in amplitude produced by advancing the micro- 
pipette. The records of Figs. 3 to 6 were obtained from cells that were subse- 
quently impaled without additional advancement of the micropipette. This 
supports the assumption that the tip of the micropipette was practically in 
contact with the cellular membrane when these records were obtained. 

It seems probable that the micropipette records from the extracellular field 
resulting from the local current flow around the soma-dendritic membrane of 
the cell body. This was the conclusion of Tasaki ef al. (36). The possibility that 
ihe micropipette is recording from axonal membrane is rejected because no 
extracellular recordings of the kind reported here have been obtained from 
structures that are composed only of axons. If this conclusion is correct, a 
positive-going deflection can be interpreted roughly as a flow of current away 
from the soma~dendritic membrane and a negative-going deflection as a flow 
of current toward it. The external current flows toward an area of greater 
depolarization from one of lesser depolarization. A discussion of the relation 
between the recorded voltages and the flow of membrane current will be post- 
poned until later. 


There are other possibilities that require consideration. One possibility that is sug- 
gested by the shape of the records is that they might be the derivative of the action 
potential of the cell body. This would be possible if the capacity between the inside 
of the micropipette and the inside of the cell body were large enough, for sufficient 
current to produce the recorded voltage might then flow across the tip resistance of 
the micropipette. The current would have to be about 10~'° amp. since the amplitude 
of the response is approximately 5 my. and the tip resistance is about 50 MQ. The 
maximum rate of rise of intracellularly recorded action potentials is 250 v./sec. (Fig. 
9 A), so the necessary capacity is 0.4 pf. Since the capacity across the walls of the 
micropipettes is 0.4 pf/mm., a 1 mm. length of pipette would have to be surrounded 
by active membrane. The effect of the membrane capacity of the cell is neglected in 
this calculation but would tend to raise the estimate of the necessary capacity. This 
possibility does not seem likely for the cell bodies are less than 30 yw in diameter. 
\nother possibility is that the potential field of a population of neurons that is re- 
corded by the coarse electrode might contribute appreciably to the recordings from 
the micropipette. This does not seem possible because of the relatively small ampli- 
tude of the recordings from the coarse electrode. 


Recordings from the same neuron were used to make Figs. 3 to 5 because of 
ne particularly large amplitude of the response. Most recordings, like Fig. 6, 
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were of smaller amplitude. The amplitude of the responses generally increases 
with time, probably because the distance between the tip of the micropipette 
and the soma-dendritic membrane grows smaller. Fig. 3 A, upper trace, shows 
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Fic. 3. Upper traces, extracellular recording from a cell body. Components ar 
separated by arrows. Monitoring pulses at end of sweeps. Lower traces, simultane 
ously recorded multicellular response. The strength of the orthodromic stimulus 's 
greater in B than in A. 


the response after a threshold stimulus for the second component was applied 
to the contralateral optic nerve. The simultaneously recorded lower trace shows 
the multicellular response. Fig. 3 B, upper trace, shows the effect of a stronger 
stimulus, as can be seen from the lower trace of this figure. The records of Fig 
3 B were obtained 1 second after those of Fig. 3 A. The effect of changing the 
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«rength of the stimulus was reversible. The upper traces are similar except for 
she first component of the response, which appears earlier and rises to a higher 
evel. The reduced latency after the stronger stimulus may result from stimu- 
ation of the optic nerve at a greater distance from the stimulating electrode 
because of greater spread of the effective stimulating current. It seems probable 
‘rom the higher level of the first component in Fig. 3 B, as compared with Fig. 
; 4. that the amplitude of the first component varies with the strength of the 
simulus, or is graded. The presence of grading is not certain because the 


1.0 MSEC. 


Fic 4. Upper traces, extracellular recording, four superimposed sweeps occurring 
| intervals of 1 sec. Components are separated by arrows. Monitoring pulses at end 
i sweeps. Lower traces, simultaneously recorded multicellular responses. Orthodromic 
timulus at threshold. 


umplitude of the responses varied with time. If grading is present, it is not a 
mtinuous process. The absence of continuous grading differs from the excita- 
\ory synaptic activity on the motoneuron, as reported by Coombs, Eccles, and 
Fatt (14). A similar lack of continuous gradation has been observed in some 
uhibitory synaptic activity at the motoneuron by Coombs, Eccles, and Fatt 
15). The absence of continuous gradation will be discussed later. 
Four sweeps occurring at 1 second intervals were superimposed to make the 
record shown in Fig. 4. The stimulus was constant and at threshold for the 
second component, as in Fig. 3 A. Two of the stimuli produced the second com- 
ponent at the peak of the first, and one stimulus produced it during a plateau 
t the peak of the first component. One of the stimuli of Fig. 4 evoked the first 
mponent alone. There was considerable variation between cells in the time 
urse of the first component recorded alone, but a frequently occurring time 
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course was like the one in Fig. 4. Its time course is similar to the synaptic cur 
rent of the lateral geniculate that has been recorded with coarse electrodes by 
P. O. Bishop (5). Since the first component is the initial postsynaptic activity. 
is probably graded, and has a relatively long time course, it is likely that it is 
caused by an excitatory postsynaptic depolarization produced by synaptic 
activity. It may be noted in Fig. 3 B that this postsynaptic depolarization , 


an 


begin within 0.5 msec. after the negative peak of the tract spike. As has been 
mentioned, a submaximal stimulus to the optic nerve, such as was employed in 


1.0 MSEC. 


Fic. 5. Upper trace, extracellular recording. Components are separated by arrows 
Lower trace, simultaneously recorded multicellular response. Two equal orthodromic 
stimuli. 


this study, excites only the largest group of fibers. Therefore, if the postsynapti 
depolarization is caused by a transmitter substance, and if the synaptic endings 
are activated at the negative peak of the tract spike, the transmitter action 
can appear as a postsynaptic depolarization within 0.5 msec. after the arriva 
of the afferent volley. 

The effect of a pair of equal stimuli is shown in Fig. 5. In the response to the 
second stimulus (upper trace), all the deflections after the first component are 
reduced in amplitude. The amplitude of the negative component varies direct! 
with the size of the sum of the preceding second and third components. The 
first component is probably related to the strength of the stimulus, but the 
subsequent components are related to the interval between stimuli. The slowed 
conduction of the second tract spike (lower trace) probably is caused by relative 
refractoriness in afferent axons. The second response of Fig. 5, upper tract, 
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cond component appearing on the falling phase of the first. This is 
jifferent from records of the synaptic potential across membranes in which the 
cubsequet phases of activity can arise from the rising phase or peak of the 
ootential, but not from the falling phase. An example of an intracellular record 
that shows the constancy of the threshold voltage can be seen in the report by 
Coombs, Curtis, and Eccles (12). The cause of this difference will be discussed 


ater. 


NY a 


Fic. 6. Upper trace, extracellular recording. Components are separated by arrows. 
Monitoring pulse between shock artifact and responses. Lower trace, simultaneously 


recorded multicellular response. One orthodromic stimulus. 


Fig. 6, upper trace, shows the response of soma-dendritic membrane that 
red repetitively after a single stimulus. This figure shows that the various 
mponents of the response, other than the first, have the same properties that 
vere shown in Fig. 5. The first, or synaptic, component of the second response 
s not discernible, and the amplitudes of all the subsequent components are 
educed in comparison to those of the first response. The cause of repetitive 
iring in the lateral geniculate nucleus has been discussed by P. O. Bishop, 
Jeremy, and McLeod (7). A likely explanation for the long latency of the first, 


r 


' synaptic, component of the first response is that the synaptic activation by 
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the afferent volley was not sufficient to fire the cell and that additional synaptic 
activation by the interneurons was necessary to provide threshold excitation, 
The synaptic activation may not have been sufficiently synchronous to cays 
a large first component in the first response or a visible component in the second 
response, or possibly the area of synaptic activation was so uniform that the 
flow of external current was minimal. 


DISCUSSION 


The First Component.—Evidence has been given that the first component of 
the extracellular potential recorded by the micropipette is dependent upon the 
synaptically initiated postsynaptic depolarization. In Fig. 3 it was shown tha; 
its amplitude probably increases with the strength of the stimulus, but it is no: 
continuously graded. The grading may be a physiological confirmation of the 
anatomical study of the lateral geniculate nucleus of the cat by Glees (23) from 
which he was almost certain that one postsynaptic cell had synaptic contac! 
with more than one presynaptic axon. This is in contrast to the suggestion of 
Glees and Le Gros Clark (24) that, in the monkey, each postsynaptic neuron 
is activated by only one presynaptic axon. The absence of continuous grading 
suggests that the number of presynaptic axons that have endings on one post- 
synaptic cell is limited to a few. 

Since the first component is recorded extracellularly, it is produced by the 
flow of external current and should not be confused with the “excitatory post- 
synaptic potential” of Coombs ef al. (14) which appears across the membrane. 
It may be that the first component is not recorded from the site of the major 
synaptic activity because it is a positive-going deflection, and Coombs ¢ al 
(14) have shown that excitatory synaptic activity depolarizes the soma 
dendritic membrane. Extracellular current will flow from an area of lesser 
depolarization to one of greater depolarization. The statement of Glees (23 
that synaptic contacts by fine terminal rings, the only kind of ending in the 
lateral geniculate, are more numerous on the dendrites than on the soma sug- 
gests a somatic location for the tip of the micropipette. It may be, however, 
that on the basis of chance some of the records were obtained from dendrites. 
If some were recorded from dendritic sites, they showed no differences from the 
usual records, and the dendritic membrane that the micropipette can encounter 
must have the same activity as the somatic membrane. The small first com- 
ponent of the first response in the upper trace of Fig. 6 suggests that the record- 
ing was from a point of medium synaptic depolarization on a dendrite. The 
anatomical boundary between the soma and the dendrite is vague, and the 
functional differences, if any, are more obscure. Therefore, the term “soma 
dendritic membrane,” which includes both, is employed here. 

With respect to Fig. 5, it was noted that the second component could aris 
on the falling phase of the first component. This finding is in accord with the 
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hypothesis of the excitatory reactions in the motoneuron that has been proposed 
by Eccles (16) and Fuortes, Frank, and Becker (22), and others that are cited 
by Eccles (16). They believe that the soma-dendritic membrane has a high 
threshold and is not directly excited by synaptic depolarization. Before an 
action potential is initiated, the synaptic depolarization must spread electro- 
tonically to the initial segment of the axon, which has a low threshold and is 
the trigger area. Since the tip of the micropipette is on soma-dendritic mem- 
brane and not on the trigger area, the second component may arise on any part 
of the first component. As will be shown, the time after the arrival of the afferent 
volley at which the second component appears will depend upon the spatial and 
temporal patterns of the synaptic activity and the electrical constants of the 
soma-dendritic membrane. The usual interval between the onset of the syn- 
aptic current and the subsequent activity is estimated at about 0.5 msec. From 
the drawings of O’Leary (28) it is estimated that the length of the dendrites is 
approximately 0.5 mm. If the electrotonic spread of a synaptic depolarization 
traverses this distance, the average velocity of a threshold depolarization is 1 
mm./msec. This value is in the range of the values reported for dendrites in the 
cerebral cortex by Chang (10). His estimate is derived from the results of 
direct cortical stimulation, however, and the validity of estimates that are 
derived from this kind of data has been questioned by Purpura and Grundfest 
(31). 

An attempt has been made to calculate the delay and attenuation that would 
elect a synaptic depolarization of the dendritic membrane if the spread of the 
depolarization were electrotonic. It was assumed that the structure conducting 
electrotonically is a smooth cylinder having a diameter of 5 yu. Values of 1000 
ohm cm.* and 1 yf,/cm.? were taken for the membrane resistance and capacity. 
Forty ohm cm. was chosen for the protoplasmic resistivity. These are the elec- 
trical constants of squid axons (11). If a unit impulse is applied at the end of a 
smooth, semi-infinite cylinder, the effect is given by Equation No. 5 in Table II 
of the tables of Fourier integrals by Campbell and Foster (8). The wave form 
at the source, shown in Fig. 7A, was chosen for the applied voltage. It was 
divided into periods of 0.1 msec., and the average amplitude during each of 
these periods determined the size of each impulse. With the distance from the 
source held constant, the effect of each impulse was calculated. The total effect, 
as a function of time for a given distance, was obtained by summating the 
elects of the impulses. The results of these computations for a number of dis- 
tances from the source are shown in Fig. 7 A. 

If the assumptions made in the calculations can be applied to the dendrites 
in the lateral geniculate nucleus, it is seen in Fig. 7 A that the latency at a dis- 
tance of 0.25 mm. from the source for a depolarization of 74 per cent of the 
maximum at the source is 0.25 msec. A 60 per cent depolarization would require 
the same time to appear at a distance of 0.5 mm. from the source. These values 
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for attenuation are reasonable. The latencies are short enough to make it seem 
possible that the spread of synaptic depolarization could be electrotonic in 
nature.” 

In order to illustrate how the second component can arise on the falling phase 
of the first component, let us assume that the trigger area fires at its peak 
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Fic. 7 A 
Fic. 7. Calculated attenuation by electrotonic spread. 


depolarization and is 0.5 mm. away from the synaptic site, which is at the 
source in Fig. 7 A. The membrane between them is passive. Let us assume 
further that the external potential, which corresponds to the first component 
recorded by the micropipette, is proportional to the potential difference between 
the source and a point 0.25 mm. away from it. Of course, the origin of the first 


? It may be of interest to compare Fig. 7 A with the results of a similar calculation 
for a 0.5 4 cylinder as shown in Fig. 7 B. All the electrical constants are the same 4s 
those employed above except that 50 ohm cm. was chosen for the protoplasmic r¢- 
sistivity. The wave form in the inset was chosen for the applied voltage. 
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component is more complicated than the assumption made here. Since the 
potential difference between the source and the point 0.25 mm. away from it 
has already passed through its maximum by the time the point at 0.5 mm. 
reaches its threshold, the firing will occur on the falling phase of the first com- 
ponent. 
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The Second, Third, and Negative Componenis.—According to the hypothesis, 
cited above, that describes the excitatory reactions of motoneurons, the second 
component should be ascribed to the electrically excited initial segment of the 
axon. A depolarization at this site will draw current from the soma-dendritic 
membrane and the extracellular micropipette will record a positive deflection. 
It is after the second component that the hypothesis fails. The hypothesis 
states that all the soma-dendritic membrane becomes electrically excited and 
fires an impulse after the initial segment fires.’ In the records, however, it is 


: a , poste : . ae 
i The term “electrical excitation” is used to designate the process of initiation of 
“or-none, propagating, membrane activity that results from a depolarization caused 
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seen that the second component is followed by another positive deflection, the 
third component. If the soma~dendritic membrane generated an action poten. 
tial, the second component should be followed by a negative component. The 
presence of the third component suggests that, after the second component, 
current is again drawn from electrically unexcited soma-dendritic membrane. 
The hypothesis can be altered to fit these results if it is assumed that only a 
small area of the soma-dendritic membrane is excited electrically. The area 
has to be small because a negative component never followed the second com. 
ponent. This suggests that the small, electrically excited area was not encoun- 
tered by the micropipette. 


Fic. 8. Schematic representation of proposed model. 


Before further discussion, the sequence of events proposed here is shown 
schematically in Fig. 8. The tip of the micropipette, P, is close to electrically 
unexcited synaptic membrane. This kind of membrane is represented by the 
dotted line. Electrically excited membrane is represented by a solid line. The 
dots represent the terminal end rings of the afferent fibers. The first component 
of the extracellular flow of current is indicated by the arrow to flow from the 
less densely innervated proximal sections of dendrites to the more densely inner- 
vated dendritic ends. The second component flows toward the electrically excited 
initial segment of the axon. The third component flows toward the small area of 
electrically excited somatic membrane with a high threshold. This membrane 
may be a transitional sort between electrically excited and synaptically excited 


by anything, i.c., synaptic transmitter substances, applied electric currents, or me 
chanical deformation. If a membrane does not respond to a depolarization in this 
manner, it is considered to be “electrically unexcited” although it may depolarize 
in response to some stimuli. 
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membrane. Grundfest (26) has recently published a review that cites much 
evidence pointing to the view that synaptically excited membranes are not 
excited electrically. The somatic membrane of the principal cell of the lateral 
seniculate nucleus (23), as well as that of the anterior horn cell, has many 
synaptic endings. 


If the hypothesis of the excitatory reactions is further modified so that the initial 
segment of the axon alone is the site of all the electrically initiated activity, i.e. 
both the second and third components, the interpretation of the responses reported 
here would be essentially unchanged. The only difference is that the third comporient 
of the somatic membrane current would then flow toward the initial segment instead 
of to the soma. 

Among the other schemes that might be proposed, one that deserves consideration 
is that the third component of the external current flowing away from the soma- 
dendritic membrane might go toward the recurrent collaterals. O’Leary (28) states 
that “after emergence from the cell a typical axon issues a number of recurrent 
collaterals... .” It is probable that part of the third component is contributed by 
the activity of the collaterals, but the evidence suggests that this contribution is 
small. If it were large, it would be seen as a significant potential in the intracellular 
recordings from antidromically activated motoneurons, and it is not (13). 


It does not seem possible at present to record faithfully the normal membrane 
voltage transients from geniculate cell bodies. Intracellular action potentials 
have been recorded in the mammalian central nervous system by Eccles and 


collaborators (16), Fuortes et al. (22), and Phillips (30). The records of these 
investigators are much alike. A typical intracellular response to antidromic 
stimulation recorded by Fuortes et al. (22) is shown in Fig. 9 A. The properties 
of the components of this response are similar to those of the components of the 
extracellular responses shown in Fig. 9 B. In their reduction after a conditioning 
response, the second and third components are like the two components of the 
rising phase of the action potential. This can be seen by comparing Fig. 1 of 
the paper by Fuortes et al. (22) with Figs. 5 and 6 of this report. Such a corre- 
spondence is required by the modified hypothesis. 

The corrected record in Fig. 9 B has an appearance that suggests that it 
might be related to the derivative of the voltage transient across soma-dendritic 
membrane. This speculation is reasonable and can be tested if the major portion 
of the soma-dendritic membrane is not excited electrically. It is possible to 
calculate the flow of current across the somatic membrane if assumptions are 
made about its electrical constants and its surface area. Anestimate of 10°. cm.’ 
has been suggested by Eccles (16) for the surface area of the motoneuron. Frank 
and Fuortes (20) give values of 1.7 MO and 0.6 X 10~ farads for the mem- 
brane resistance and capacity of the motoneuron. The electrical constants of 
somatic membrane are calculated as 1700 ohm cm.? and 0.6 uf./cm.? from these 
data. These values are close to the electrical constants of squid axons (11) that 
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Fic. 9. A, intracellular recording of motoneuron action potential, antidromic 
activation (22). B, extracellular recording before (solid line) and after (dotted line) 
correction for frequency response of input probe. C, components of membrane cur- 
rent calculated from A. Capacitive component shown by solid line, conductive 
component by dotted line. D, sum of the two components in C. 
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are used in other calculations in this report. It is estimated that the diameter of 
a principal cell in the lateral geniculate nucleus is 20 » from plate 5 of the study 
of Glees (23) and from 50 Nissl stained cells that were measured in this labora- 
tory. The resistance and capacity across the wall of a sphere with a diameter of 
2) » are 135 MQ and 7.6 pf. The total flow of current is the sum of the capaci- 
tive component, which is the product of the derivative of the action potential 
and the capacity of the membrane, and the conductive component which is the 
action potential divided by the membrane resistance. The action potential 
shown in Fig. 9.4 was used for the calculation. For this calculation, it is as- 
sumed that the rectifying properties of the membrane are negligible (13, 20). 
The two components have been drawn in Fig. 9C, and their sum is shown in 
Fig. 9D. The absolute magnitude of the two components depends upon the 
effective surface area, which is the most questionable of the approximations and 
might be too low. The relative magnitude of one component to the other and 
the shape of their sum, however, are independent of the surface area and depend 
upon the time constant of the soma-dendritic membrane. If the time constant 
is really greater than 1.02 msec., which is close to the value given by Frank and 
Fuortes (20), the ratio of capacitive to ohmic current will be greater. The 
corrected record in Fig. 9 B and the computed curve in Fig. 9 D are reasonably 
alike. The synaptic component of the current has been omitted in the calcula- 
tion. K. Frank (personal communication) has obtained records from anti- 
dromically excited motoneurons just before the appearance of the resting 
potential. The records of Frank are very similar to Fig. 9 D. It seems likely 
that the extracellular recordings are the change in voltage caused by the flow of 
the membrane current across the external resistance between the tip of the mi- 
cropipette and the zero potential surface, as defined by the indifferent elec- 
trode. It is assumed that the zero potential surface does not move appreciably 
with respect to the tip of the micropipette after the start of the second compo- 
nent. This assumption is necessary in order to keep the external resistance con- 
stant. In the hypothesis presented here, the site of the activity responsible for 
the second and subsequent components of the records is located on a small area 
of membrane relative to that of the whole soma-dendritic membrane. Since 
the zero potential surface must pass through the junction between active 
and inactive membrane, its position is relatively fixed.‘ 


‘Dr. Lorente de N6, in A Study of Nerve Physiology, Studies from The Rockefeller 
Institute jor Medical Research, 1947, 132, chapter XVI, has noted the proportion- 
ality between the membrane current and the extracellular potential near the surface 
of neural structures in a volume conductor. 

The amplitude of the corrected extracellular potential in Fig. 9 B is probably close 
to 15 mv. It should be noted that this peak occurs during the rising phase of the 
action potential across the membrane, and its amplitude does not indicate that the 
peak of the action potential at the source need be greater than 100 mv. 
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Fatt (17) has described extracellular recordings from motoneurons, His 
recordings are roughly similar in time course to those presented here, but of 
opposite polarity, and lead to the view that the soma-dendritic membrane js 
electrically excited. The cause of the difference between the results of thes 
two studies is not apparent. It may be related to the distance between the tip 
of the micropipette and the soma-dendritic membrane because it is probable 
that the records of Fatt were obtained at a greater distance than were the 
recordings in the present study. No recordings like those of Fatt were observed 
in this study, probably because they were lost in the noise. It is possible that 
the soma-dendritic membrane was rendered electrically inexcitable by pressure 
from the micropipette in this study, although such an effect has not been noted 
previously. 

The second component of the intracellularly recorded action potential of the 
motoneuron is longer in duration than the axonal action potential, according 
to K. Frank (personal communication). His finding is in accord with the 
scheme proposed here because of the prolongation of the wave form that would 
result from an electrotonic spread from the source to the site of recording (Fig. 
7). Fuortes et al. (22) have given evidence that the membrane which produces 
thé second component of the intracellular recordings from motoneurons need 
not be electrically excited for a propagating impulse to occur in the axon. This 
component is the voltage that causes the third component of the flow of current 
away from the soma in the scheme shown in Fig. 8. The functional significance 
of this activity is not clear, but at present there is no evidence that the major 
portion of the soma-—dendritic membrane is needed for any purpose other than 
to receive synaptic excitation. 


The author is indebted to Mr. H. Wiener for his unfailing assistance and to Dr. 
K, Frank, Dr. K. S. Cole, Dr. W. H. Marshall, and Dr. M. Bennett for many helpful 
suggestions and discussions. 
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ABSTRACT 


Studies have been conducted on the movements of sodium and potassium inte 
and out of the Ehrlich ascites tumor cell. Under steady state conditions, at 22°C., 
in the absence of an exogenous source of glucose, the cell flux for both potassium 
and sodium averaged 0.8 um/10? cells/hr. or 3.0 pm/cm.?/sec. The cell can accumu- 
late potassium and extrude sodium against electrochemical gradients for both ions. 
It is possible under the experimental conditions reported to separate the transport 
systems for these two ions. Thus, it has been shown that under conditions of low 
temperature with a diminished metabolism, net fluxes for the two ions are different. 
Also, following periods of 24 hours at 2°C., an exogenous source of glucose enhances 
the accumulation of potassium sevenfold while sodium extrusion is uninfluenced by 
the presence of glucose. Similarly potassium exchange rates are temperature-de- 
pendent, with Qio values as high as 5, while exchange rates for sodium are tempera- 
ture-insensitive, with Qj values of 1.2 to 1.6. Glycolysis has been eliminated as an 
energy source for the transport processes since these processes go on in the absence 
of an exogenous source of glucose. It is estimated that a maximum of 0.3 per cent of 
the energy derived from the total oxidative metabolism of glucose would be required 
to support independent transport of potassium and sodium. 


INTRODUCTION 


The Ehrlich ascites tumor cell provides a useful tool for the study of the 
interrelationships between cell metabolism and electrolyte transfers. The cell 
is approximately 16 micra in diameter and spherical in shape. It grows and 
divides rapidly. As little as 0.2 ml. of a cell suspension when injected intra- 
peritoneally into a mouse will yield after 7 days as much as 10 ml. of a suspen- 
sion containing 2 gm. of cells. In this time, the host mouse will divert its 
energy to producing 8 to 10 per cent of its body weight in foreign tissue (1). 

The tumor cell exhibits glycolysis, both anaerobic and aerobic, with only a 
minimal Pasteur effect, producing large amounts of lactic acid. The cell also 
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has the peculiar property of a reverse Pasteur effect; i.e., the inhibition ¢ 
respiration by glycolysis when large amounts of glucose are added (2-5). In 
addition, it shows the strongest activity for the concentrative uptake of amino 
acids which so far has been observed in vitro for a tissue of mammalian origin 
(6, 7). 

Since little work is available with regard to the behavior of the ascites cell 
toward electrolytes, this communication will serve to develop the basic frame. 
work and potentialities of this cell. 


Methods 


1. Ehrlich Ascites Tumor Cells (4n).—The strain used in these investigations wa; 
the tetraploid and was obtained originally from Dr. M. R. Lewis of the Wistar In. 
stitute. Dependent upon the needs of the study, the tumor was carried either in 
Swiss mice or frozen and kept at —50°C. until a time when the line was reestablished 
by transplanting thawed cells again into Swiss mice. 

2: Cell Suspensions.—Cell exudates were obtained by aspiration from the peri 
toneal cavities of several mice carrying cell populations ranging in ages from 5 to 10 
days.' The mixed cell suspension was freed of red blood cells by differential centrify- 
gation (4). This usually required two to three washes. The wash and suspending 
medium was a K-Na Ringer solution.’ Whether or not glucose was included depended 
upon the experiment. Glucose, when present, was in concentrations of 100 mg. per 
cent. ° 

3. Sampling and Analytical Techniques.—Cell counts were made on cell suspen- 
sions, usually prior to mixing of a known volume of a concentrated cell suspension 
with a known volume of the environment being studied. A standard Neubauer-Levy 
hemacytometer was used and one thousand or more cells were counted. 

A known number of cells were packed and dried to constant weight in an oven at 
80-90°C. It was found that 3.6 mg. dry weight corresponded to 10’ cells. 

Aliquots of cell suspension were concentrated by mild centrifugation, rinsed quickly 
(in less than 3 minutes) with 5 per cent dextrose or 10 per cent sucrose solutions, and 
then packed in small tubes at 2300 G for 20 minutes. The extent of packing was 
comparable to experiments in which the air turbine was used (8). 

The packed cells were weighed and then taken up to a final volume of 10 ml. with 
distilled water. After 30 minutes or longer, the cell debris was centrifuged and anal- 
yses were made on the supernatant using the Baird model flame photometer. 

Dry weights were obtained by drying to constant weight at 80-90°C. and per 
cent water was calculated in the usual fashion. 

For the determination of hydrogen ion production, the cells were separated from 


1 9 gm. NaCl 
40 ml. of 0.154 m KCl solution 
15 ml. of 0.11 mw NaH,PO, 
85 ml. of 0.11 w« NasHPO, 


To a liter with distilled water 
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the suspending medium and a sample of the supernatant was removed. The super- 
natant was titrated with standard NaOH solution, using phenolphthalein as an in- 
dicator. This gave a measure of the millimoles of H,PO,~ present. Back titration 
yith standard HCI solution, using methyl red as an indicator, measured the total 
HPO," present so that subtraction from the total HPO; of the amount of H;PO,;- 
converted to HPO," with NaOH gave a measure of the amount of HPO," in the en- 
vironment. The amounts of HPO,” and H;PO; present in control samples were 
compared with amounts in samples obtained from cell suspensions incubated at 
37°C. in the presence of glucose. 

4, Isotope Experiments.—At 0 time, a known concentration of cells was mixed 
with a tagged K*-Nat* Ringer solution. Cell volume approximated 1 per cent of the 
total suspension volume after mixing. In some experiments, only the potassium was 
marked as K®. In others, both potassium (K®) and sodium (Na™) were used si- 
multaneously. Since only minute quantities were necessary for tracer studies and 
the Ringer’s solutions were adequately buffered, no neutralization of the K®CO; 
solution was carried out. Na™ was introduced as the chloride. 

10 ml. samples were removed at time intervals into 15 ml. centrifuge tubes. 30 
seconds to a minute’s centrifugation at maximum speed in the International centri- 
fuge (3000 R.P.M.) was sufficient to throw down the cells. The cells were washed once 
by resuspension in 5 per cent dextrose (or 10 per cent sucrose) and again recentri- 
fuged for 30 seconds to a minute. The wash fluid was discarded and the cells brought 
toa final volume of 10 ml. with distilled water and then transferred to shell vials for 
counting. Residual contamination after washing was about 1 part in 5000 as deter- 
mined by inulin dilution methods. 

Counting was done in a well-type scintillation counter using a thorium-activated 
sodium iodide crystal. When K® and Na™ were counted simultaneously, samples were 
counted immediately following the experiment and again a week later, when only 
Na™ remained. K® counts were obtained by difference and corrected for decay. 

For determination of cellular K+ and Na*, the counted samples were centrifuged 
to remove cell debris and the supernatant analyzed in the flame photometer. Results 
were expressed either on the basis of cell number or dry weight (3.6 mg. dry weight = 
10’ cells). 

Fluxes were calculated using the equations described by Sheppard and Martin 
(9) for steady state conditions and also for conditions under which cell K*+ and 
Na* were changing. 


RESULTS 
Inracellular-Extracellular Distribution of Electrolytes.— 


The electrolyte pattern immediately after removal of the tumor cells from 
the animal is shown in Table I. The cells were thrown down by centrifugation 
at 50 G for 1 minute and the supernatant removed for analysis. These values 
are listed under the column labeled Extracellular. The cells were then rinsed 
quickly with either 5 per cent dextrose or 10 per cent sucrose and then packed 
at 3000 G for 20 minutes. Results of analyses made on the packed cell mass 
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were calculated in terms of cell water and are listed under the column labelled 
Intracellular. 

The intracellular to extracellular ratio for K* is 33, Na*, 0.39, and Cl-, 055 
However, it is not enough to have knowledge of concentration gradients: 
one needs to know the electrochemical gradients across the cell membrane iy 
order to compute the driving forces for electrolytes. 

For nerve fibers, intracellular recording has given reliable figures, but {o, 
single cells successful recordings have been lacking. We are required then tp 
use indirect methods for making this estimate. For the human erythrocyte, 
Solomon (11) has used the chloride distribution as a means for doing this, 
assuming that Cl~ does not participate in a carrier system, but distributes 
itself passively. For the red cell, this is a reasonable assumption; the evidence 
is considerable that the Cl~ is diffusible across the membrane (12). 


TABLE I 
Electrolyte Distribution between the Ehrlich Ascites Tumor Cell and lis Environment 





Intracellular 





K 134 m.eq./liter cell water 
Na 50 “ “ “ “ 


Cl* 64 “ a “ “ 














* From Christensen et al. (7). 
¢ From Albritton (10). 


Conclusive evidence is not available for other mammalian cells. However, 
Wilson and Manery (13) have demonstrated a linear relation between cell 
chloride concentration and external chloride concentration in the polymor- 
phonuclear leukocyte of the rabbit. Using their data, the author has calculated 
a potential difference of about 11 mv. cell interior negative to environment. 

This type of study has not been reported for the ascites tumor cell. There 
is, however, an indirect piece of evidence for the hypothesis of passive move- 
ments of Cl-; this is the demonstration of an exchangeability of Cl- with another 
anion along diffusion gradients. The method for this demonstration measures 
osmotic phenomena and has been used by Parpart (14) to describe Cl--S0; 
exchanges in the erythrocyte. 

When tumor cells were placed in a K*+-Nat Ringer solution in which the 
NaCl was replaced by an isosmotically equivalent amount of Na2SO, (K*-Na’- 
SO,7 Ringer), the cells decreased in volume (Fig. 1). On the other hand, cells 
previously equilibrated in a K+-Na*-SO7 Ringer solution, when returned to 
Kt-Nat Ringer solution, were seen to swell. 

The shrinkage of the cell in this type of experiment has been explained by 
the loss of a net amount of osmotically active material, specifically Cl, when 





H. G. HEMPLING 569 


Cl- exchanges for divalent SO,-. The ideal exchange would be two 
Cl for one SO", but because of the differences in the basicity of the two ions, 
the exchange is less than two, but greater than one. That the cells equilibrated 
with SO,~ swell when placed in a Cl--rich, SO;"free medium (K*+-—Na* Ringer) 


univale 


ak ae. tO 28 
' 
s' 
! 


$04 EQUIL. CELLS IN K-NA RINGER 


CELLS IN K-NA RINGER 


a 
' 


CELLS IN K-NA-SOq4 RINGER 


Fic. 1. Densimeter recordings of volume changes in the Ehrlich mouse ascites 
tumor cell during Cl-—-SO," exchanges. Upward deflections, increase in cell volume; 
downward deflection, decrease in cell volume. Wide bars indicate 15 second intervals; 
narrow bars indicate 1 minute intervals. 


is evidence for the reversibility of the phenomenon. The rate at which the 
shrinking or swelling occurs provides an index of the rate at which the ion 
exchange is occurring. 

Accepting then the existence of freely diffusible Cl- across the tumor cell 
membrane, we can calculate the potential difference across the membrane for 
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subsequent use in describing electrochemical gradients. This value come 
out to about 15 mv., cell interior negative to environment. 


The Effect of Temperature.— 


One of the first factors which was considered was the effect of temperature 
on the Na* and K* concentrations in these cells. Other cells, such as the human 
erythrocyte and the rabbit leukocyte have shown depletion of cell K+ and 
replacement by external Na* when the temperature has been dropped. The 
rate of loss has varied with the different cell types. For the red cell, Ponder (15 
finds 68 per cent of the K* has been lost from the cells after cold storage for 
72 hours. The author (8) observed that the K* concentration in rabbit poly- 
morphonuclear leukocytes dropped to half the original value in about 8 hours. 
at temperatures of 2°C., indicative of a marked sensitivity to low tempera- 
tures. A reciprocal increase in Nat concentration was also noted. 

In these experiments, the tumor cells were washed several times with cold 
K*—Na* Ringer’s with glucose at 100 mg. per cent and then kept subsequently 
at temperatures of 2—-5°C. in the same environment. Samples were taken off 
periodically and analyzed for Na*+ and K* and determinations made for per 
cent water. 

The data have been handled with the following hypothesis in mind. It is 
conceived that low temperatures establish a system in which active processes 
are reduced. Net fluxes will be down electrochemical gradients. If one treats 
these net fluxes by first order kinetics, it is possible to obtain quantitative 
descriptions for the behavior of the membrane toward the two ions. These 
values will be minimum values since the existence of an active transport of 
Na* and K* in the opposite direction cannot be completely ruled out. This is 
especially so in these experiments in which, in the presence of glucose, some 
glycolysis and respiration are going on in spite of the reduced temperatures. 
Thus pH has been observed to drop from 7.42 to 7.21 during 20 hours at 
2-5°C. Nevertheless, since both ions are being examined simultaneously, 
this error will not interfere with a comparison of the resistance which the 
membrane offers to the net movements of the two ions. By making such a 
comparison, one may estimate to what extent the two ions are linked in their 
movements. 

Consider then the total exchangeable concentration of cation 4s 
| By — Bt |, in which Bo is the cation concentration (milliequivalents/kilo 
cell water) at 0 time and Bz the cation concentration at exchange equilibrium 


Similarly, | Bf — Bt | is the exchangeable concentration in the cell at time, ! 
Then: 


| Bt — BS | 
dl 


4 
= P—|Bi — Bt 
y |B | 
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.. which P = a permeability coefficient with the dimensions of centimeters /hour 


A = surface area 
V = volume of cell water 


shich gives on integration 


|Bi — BE|_ PA 


\ . FA 
°C BE — Bt|  23V% 


p4/V, with the dimensions of hr., may be designated as k, and is a measure 
of that fraction of exchangeable ion which is lost or gained per hour. 


1,04 








) T 


0 4 8 2 16 20 24 
HOURS 


BR . 2. Potassium loss from the Ehrlich mouse ascites tumor cell maintained at 
'-5°C. in the presence of glucose. 





572 CATION MOVEMENTS IN TUMOR CELL 


Since the concentration of cell K+ tended toward the concen 
external environment as an asymptote, it was decided to set B: 
B is the concentration of ion in the external environment. 


tration of the 
= Bri IN Which 
This remaingj 








' ‘ 


r 
l2 16 20 


HOURS 


Fic. 3. Sodium gain in the Ehrlich mouse ascites tumor cell maintained at 2° t 
5°C. in the presence of glucose. 


constant since the cell volume approximated only 1 per cent of the total volume 
of the system. 
| Bi — Br | 


_—____*| o¢ ¢ for the situations whet 
| BE — Bz | 


Figs. 2 and 3 show plots of the log 
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K+ leaves the cell and when Na* enters. The use of absolute terms permits 
the plot of both ions in the same direction, although it must be remembered 
that K+ is moving out while Na* is moving in. 

Linear regression lines have been drawn for the two curves. k = 0.157 hr.~' 
and P = 0.42 ¥ 10~ cm./hr. for potassium loss while Na enters the cell with 
,k = 0.058 hr! and P = 0.16 X 10~ cm./hr. Values for & between Nat 
and K*, as well as values for P, differ significantly with a probability less 
| Bi — Br 


than 0.01. At 0 time, values for log By a a i 
+ es e 


do not differ significantly from 


1.0 for either curve. 

The data would serve to indicate that Nat and K* differ with respect to the 
resistance which the membrane offers to their net movements, and that their 
net movements under these conditions are not linked in any simple 1 to 1 
relationship.” 


Potassium Accumulation and Sodium Extrusion in the Presence of Glucose.— 


Experiments were designed to assess the ability of the ascites tumor cell 
to move ions against electrochemical gradients. The approach was similar to 
that described by Harris (16) for the human erythrocyte. 

Washed tumor cells were permitted to lose potassium and gain sodium at 
refrigerator temperatures in the presence of glucose, usually for an overnight 
period. At the start of the experiment, aliquots were resuspended in fresh 
K*-Na* Ringer without glucose or with glucose, and placed either at 37°C., or 
kept at refrigerator temperatures (2-5°). 

Table IT summarizes the results from this type of experiment. The data 
have been expressed in terms of electrolyte amounts in milliequivalents/kilo 
dry weight. Since the water content of the cell increases as much as 79 per cent 
during the stay at low temperatures and then returns to normal when the 
temperature is 37°C., it was more advisable to use the dry weight as a common 
denominator for calculating the amounts of electrolyte which were gained or 
ost. To estimate electrochemical gradients, concentrations of electrolyte in 
intracellular water were used. The values shown for electrochemical gradients 
in Table II are from an experiment chosen at random. 

Two conclusions may be drawn from these results. First, it is evident that 
K* is accumulated into the cell while sodium is extruded. However, and this 
's perhaps more useful information, the presence of glucose produces a seven- 
‘old increase in the rate of K*+ accumulation without influencing the rate of 


extrusion of Na+. Here again, is evidence for the divorcement of the two ion 
movements. 


; Since the driving force for the loss of potassium and/or the gain of sodium is 
‘aken as the exchangeable cell concentration of the electrolyte, the electrical gradient 
‘cross the membrane is not considered, and in this respect, the permeability coeffi- 
cient, P, is limited in its applicability. 
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This conclusion is further substantiated by an experiment in which the 
temperatures to which the cells were returned were different. After remaining 
overnight at low temperatures, cells were returned to environments of 2 
and 37°C. respectively and given glucose at 100 mg. per cent. The Oyo for K* 
accumulation was 2.2; the Q19 for Nat was 1.1. 

During the accumulation-extrusion processes, H* is being produced i: 
considerable amounts as glycolysis proceeds. Rates of 5.0 y/10? cells/hy 
have been observed, based upon changes in total titratable H+. These values 


TABLE II 
Accumulation of Potassium and Extrusion of Sodium at 37°C. in the Presence and Absenc 
of Glucose 


: eee 


Without glucose 


With glucose 





K*+/kg. dw/hr. 


| 
mpniiesibissnaatimneeniiieili * 


Nat/kg dw/hbr. K*+/kg. dw/hr. | Nat/kg. dry wt, * 





140 + 25 460 2247 | 460 
(6 experiments) (S experiments) | (3 experiments) | (3 experiments 


Electrochemical gradients 


For potassium accumulation For sodium extrusion 


143 m.eq./kg. cell water 
173 m.eq./liter 
+400 cal./mol 


Initial intracellular, 7.8 m.eq./kg. cell water 
“extracellular, 6 m.eq./liter 
Gradient, — 140 cal./mol 





| 
After 1 hr. and 40 min. at 37°C. 
Intracellular, 62 m.eq./kg. cell water 93 m.eq./kg. cell water 
Extracellular, 5.8 m.eq./liter 175 m.eq./liter 
Gradient, +1000 cal./mol +700 cal./mol 


agree well with data of Kun et al. (5) who reported 5.7 um/10" cells/hr. of 
lactic acid being produced by cells undergoing aerobic glycolysis. It would 
appear that most of the H+ being produced leaves the cell with lactate anion, 
so that a H* for K+ exchange from glycolysis is not a basic mechanism. (n 
these grounds alone, this conclusion is not unequivocal because of the small 
K+ accumulation (0.50 um/107 cells/hr.) relative to the lactic acid production 
(5.7 ym, 10’ cells/hr.). An amount of H+ exchanging for K+ may not be detected 
as such in chemical determinations of lactate ion. Subsequent evidence, how- 
ever, from net fluxes during isotope experiments carried out in the absence 0! 
glucose and glycolysis, will support the hypothesis that the K*-H* exchange 
so characteristic of yeast cells (17, 18) is not operative in the ascites tumor 
cell. 
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Measurements of Potasstum and Sodium Fluxes.— 


At this stage of the investigation, because of the glucose effect it was believed 
that K+ accumulation was probably associated with glycolysis although 
not through a H+ for K+ exchange. This view was changed radically when 
studies were conducted on environments free of an exogenous source of glucose. 
, Isotope studies were undertaken to determine exchange rates in the steady 
state. Room temperatures were chosen to start off the investigation because 
rapid exchanges were anticipated from the net flux studies reported above. 
It was decided also to avoid the complications of H+ production and pH 
changes by leaving out the glucose. But from some inexplicable belief that 
everything stays better at low temperatures, the cells were washed at low 
temperatures, (7-10°C.), and kept at 2-5°C. until ready for the isotope experi- 
ment at 22°C. The following flow sheet describes the experimental setup. 


Aspirated cell suspension 
Washed three times with K*-Na* Ringer without glucose 


Resuspend in K+-Na* Ringer without glucose and 





determine cell count of the suspension. 


Keep in refrigerator until mixing time (2-5°C.) 
At 0 time: 
Cell suspension + K®-Na” Ringer without glucose 
Mix at 22°C. 


Sample at various intervals 


The first striking observation was the level of potassium and sodium in 
the cells after these relatively brief periods of exposure to low temperatures 
in the absence of glucose. Under these conditions electrolyte changes occur 
very rapidly. For example, after 120 minutes (Table III), there is only 27 per 
cent of the exchangeable potassium remaining in the cell while 64 per cent of 
the exchangeable sodium has entered the cell. Reference to Figs. 2 and 3 
indicates that when glucose is present, a comparable potassium loss would 
require 8 hours and a comparable sodium gain would require ca. 14 hours. 

The second observation was that when the cell suspensions were raised to 
22°C. for measurements of their exchange rates, net accumulation of K+ and 
net extrusion of Nat occurred even though there was no glucose available 
exogenously. This observation would rule out the necessity for glycolysis as a 
‘source for the metabolic energy of the ion transfers, since Kun ef al. (5), as 
well as McKee ef al. (4), have shown that glycolysis is measurable only in the 
presence of exogenous glucose. It is true that glucose was necessary for the 
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accumulation of K* after a prolonged period at low temperatures, while N+ 
could be extruded in the absence of glucose (cf. Table II). It could be argued 
however, that over a prolonged period the supply of metabolite necessary for 
Kt accumulation has been used up and that glucose is required in order jy 
replenish the supply, while Na* can be extruded with what is available. Addi. 
tional evidence for the dependence of the potassium accumulation on the 
internal metabolite level comes from observations on the influx of radioactive. 
labelled potassium into cells which had been at 22°C. from the time of removal 
of the cells from the animal and had not been given a source of exogenous 


TABLE III 
Exchange Rates for the Ehrlich Ascites Tumor Cell, Using K® and Na® 





| 
: | Ti t El 
Experiment 110°C or a -ety pe to Fluxes measured at 22°C.t 





min. | K* Nat Influx | Net Eftux 
Aug. 15, 1956 0 | 95 35 0.82 | | 0.82K 
— Na 
0.82K 
0.77 Na 
1.4K 
— Na 
0.98 K 
— Na 
2.5 K 
1.2 Na 
0.42K 





Feb. 6, 1957 0 27 


- © OS 


luownl el ere! 


July 2, 1956 90 


_ 


| 
| 
July 3,1956 =| 38 | 
| 
| 
| 
| 


| 


Aug. 7, 1956 | 103 


-— — 


July 30, 1956 120 | 41 


* Milliequivalents/kilo cell water. 
t Millimols/10’ cells/hour. To convert to milliequivaients/kilo dry weight/hour multiply 
by 10°/3.6. 


metabolite (Fig. 4). During the course of these experiments, the net flux was ( 
However, it has been observed that the rate constants for influx assume 
different and lower values and that this change in rate becomes apparent at 
about 150 minutes from the time of removal of the cells from the animal. 
Either one is seeing the appearance of a new compartment in these starved 
cells or else the transport mechanism is shifting to a new, lower level. 

Both the net accumulation rate of potassium and the net extrusion mate 
of sodium which occurred when the cells were shifted from 2° to 22°C. ir- 
creased with increased time that the cells were at the low temperatures prior 
to the shift (Table III). This correlates with the levels of K and Na intracellu- 
larly; when the initial electrochemical gradient for the ion was low, the net 
accumulation rate for the ion was high and vice versa. 

The net fluxes observed for the ions in most of the experiments were usual) 
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Fic. 4. Influx of potassium ion at 22°C. into washed Ehrlich mouse ascites tumor 
cells against an electrochemical gradient (um/10’ cells/hour). 
©, at 22°C. throughout washing and experimental procedures. 
Influx = 0.82 
Net flux = 0 
Efflux = 0.82 
Gradient = +1.2 x 10° cal./mol. 
O, preliminary exposure to low temperatures for 103 minutes. 
Influx = 3.2 
Net flux = 0.46 
Efflux = 2.7 
Gradient = +0.9 x 10° cal./mol. 
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not more than 15 per cent of the exchange rate. Thus one could get good 
agreement between influxes calculated by Sheppard’s steady state equation 
and by his more general equation for systems in which there was a net flux (9). 
The values given in the table are calculated from the more general equation, 
and made at the point of maximum net flux change. However, as seen from 
Fig. 4 for example, one could utilize the steady state equation equally well, 

Fig. 4 serves to illustrate another general observation for these cells. The 
exchange rates for K* are considerably greater when the cell is shifted from 
2° to 22°C. than when the cell is maintained at 22°C. throughout the prepar- 
atory stages prior to measurement. 


TABLE IV 
Response of Exchange Rates to a Shift in Temperature in the Absence of Exogenous Glucose 





Influx | ve 20°C.$ Qu 





pm/10" cells/kr. 
Kt . ‘ 5.6 
Na* a : 1.2 


Kt | | . . 4.1 

Nat .0 , 1.2 
| Net Flux 

Kt | | +0.8 -- 
| 
| 





Na* 





+0.72 | 0.71 1.6 





* Measured at 20 minute point, where net rate inward for sodium was maximum. 
¢ Measured at 8 minute point following shift to new temperature. 


To analyze this observation in greater detail, an experiment was designed 
to measure the exchange rates for the two ions at the low temperatures and 
then to shift to the higher temperature and measure the fluxes at that tempera- 
ture. 

Two aliquots of a known concentration of washed cells were prepared at 
7-10°C. One aliquot was mixed with a tagged solution of K*-Na* Ringer's 
without glucose and periodic sampling carried on at temperatures of 2.5-4.5°C. 
After 47 minutes, the second aliquot which had been at these same low tem- 
peratures was mixed with a tagged K+-Nat+ Ringer’s solution at 20°C. and 
brought to this temperature in less than a minute. Periodic sampling was 
then carried out at this temperature. 

The results are summarized in Table IV and Fig. 5. To convert from milli 
equivalents/kilo dry weight to um/10" cells/hr. multiply by 10*/3.60. From 
Fig. 5, it is evident that the period of washing at low temperatures (36 minutes 
prior to the first measurement) in a K*+-Nat+ Ringer solution without glucose 
has drastically reduced the K+ level in the cells. On a cell water basis, this 
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new K* level is about 34 m.eq./kilo cell water. The Nat level, however, 
changes more gradually during the stay at low temperatures. Transfer to 20°C. 
4s indicated, reverses the net fluxes and K* is accumulated as Na* is extruded. 
It would appear from the rates of accumulation and extrusion that the two 
systems are linked. If they are, it is only through their net fluxes, for the 


8 


MEQS/KG DW 








40 
MINUTES 


Fic. 5. Changes in the net fluxes of potassium (O) and sodium (A) in the Ehr 
lich mouse ascites tumor cell in response to a shift in temperature from 2° to 22°C. 


response of the exchange rates for the two ions differs markedly. From Table 
IV, it is seen that a shift in temperature produces an extremely large increase 
in the exchange rate for potassium, with a Q10 of more than 4; sodium ion is 
increased only slightly relative to the effect on potassium. It is important to 
realize, also, that the net fluxes which one observes with the change in tem- 
perature are not attributable to the effect on only one of the fluxes, but that 
both influx and efflux for each of the ions are increased. 
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DISCUSSION 


The observations which have been reported indicate that there are separate 
transport mechanisms for sodium and potassium in the Ehrlich ascites tumor 
cell. Thus it has been shown that at low temperatures with a diminished 
metabolism, net fluxes for the two ions are different. We have seen also, that 
the cell can accumulate potassium and extrude sodium against electrochemical 
gradients for each ion. Moreover, it has been possible again to separate the 
two ions by several additional criteria, such as the influence of glucose on the 
accumulation of potassium following prolonged refrigeration and the demon- 
stration that potassium exchange rates are temperature-dependent, while 
exchange rates for sodium are temperature-insensitive. 

Some estimate can be made as to the nature of the metabolism which is 
associated with these ion transfers. That one gets an accumulation of potassium 
and an extrusion of sodium in the absence of an exogenous source of glucose is 
evidence for dismissing glycolysis as a primary metabolic mechanism, for Kun 
et al. (5) as well as McKee and his associates (4) have shown that glycolysis 
occurs only in the presence of an exogenous source of glucose. 

It may be equally constructive to turn attention to changes which occur 
not in the net fluxes but in the exchange rates; i.e., the influx-efflux for each 
ion. The net fluxes which occur when the cells are shifted from temperatures 
of 2-5°C. to a temperature of 22°C. are associated with an increase in the 
over-all exchange rate with the influx for potassium, for example, increasing 
more than the efflux for the same ion, resulting in a net flux inward. For the 
potassium ion, in relative terms, this increase in exchange rate is quite large; 
for sodium ion, the increase is minimal. 

Using the approach suggested by Davies (19), we can express the difference 
in influx at 5°C. and 20°C. in microliters/milligram dry weight/hour for 
comparison with oxygen consumption figures. Using the figures from Table IV, 
for potassium this value is 15 ul./mg. dry weight/hr. 

Since oxygen consumption studies were not carried out in this set of experi- 
ments, we must rely upon the published results under as comparable a set of 
experimental conditions as are available in the literature. Chance and Castor 
(20) have reported Qo, values of 3 ul./mg. dry weight/hr. for cells which were 
prepared in the cold and measured subsequently at 25°C. Using this data, 
the ratio of ion transport to oxygen consumption is 5. If we choose the higher 
value for oxygen consumption of 8 yl./mg. dry weight/hr. obtained at 37°C. 
(4, 5), the ratio is still greater than 1. Thus for potassium influx, estimates 
of this sort permit one to eliminate at least two metabolic mechanisms, namely, 
those which would require the production of organic acids such as lactic or 
pyruvic acid in which the ratio could not be greater than 0.33 and those de- 
pendent upon the production of carbon dioxide or carbonic acid in which the 





H. G. HEMPLING 581 


ratio could not exceed 1 (19). A similar case can be established for sodium 
efflux (Table IV) in which ratios greater than 1 are also obtained. 

There are two biochemical systems which do predict ratios of ion transport 
to oxygen consumption greater than 1. One involves the passage of electrons 
along the cytrochrome system. In this system the ratio cannot exceed 4. The 
other system involves the production of high energy phosphate bonds, such 
that with P/O ratios of 3 to 1, the ratio of ions moved to oxygen consumed 
cannot exceed 6, if one ion is moved for every high energy P formed (19). 

Both these systems are available in the Ehrlich ascites tumor cell. Chance 
and Castor (20) have shown the existence of cytochromes a,c, and a; in amounts 
comparable to amounts found in systems like yeast cells and heart muscle 
preparations. They note, however, that cytochrome 6 is conspicuous by its 
very low concentrations while cytochrome c is present in unusually large 
amounts relative to other cell and homogenate systems. And yet in their 
paper in 1956, Chance and Hess (2) use cytochrome 6 to elucidate changes in 
the ADP level in these cells. From a functional point of view, it would 
appear that the cytochrome system is intact in these cells. 

With regard to the existence of oxidative phosphorylation, Lindberg, Ljung- 
gren, Ernster, and Revesz (21) have measured P/O ratios for the mitochondria 
of the Ehrlich ascites tumor cell. They report values which are somewhat 
lower than those seen in other cell systems. 


Energetics of Potassium and Sodium Trans port.— 


The energy expenditures supporting the rapid fluxes observed merit some 
attention. Even though the cell system may not have gained or lost free energy, 
on the basis of reversible thermodynamics, in exchanging one ion for itself, 
as, for example K* for K*+, or Na* for Na*, when the net flux is 0, nevertheless, 
the ability of the exchange so described to continue at a state above the equi- 
librium requires the expenditure of energy and at a rate compatible with the 
exchange rate observed. 

For the steady state situation, at 22°C. (Fig. 4 and Table III), the exchange 
rates for both Na* and K* are approximately 0.8 um/10’ cells/hr. From a ratio 
of Ki/K, = 20.3 and an electrical gradient of 15 mv. negative inside to out- 
side, the electrochemical gradient for potassium calculates out as 1400 cal./ 
mol, so that the required rate of energy expenditure was 1120 X 10~* cal./10’ 
cells/hr. If we use the Qo, values quoted by Chance and Castor (20), which are 
probably minimal for this temperature, the energy equivalent for complete 
oxidation to CO, and water is 324 X 10- cal./10" cells/hr. This would mean 
that only 0.3 per cent of the available energy from oxidative metabolism would 
be used for an irreversible transport of potassium. Since the influx and efflux 


for this ion may be coupled in an exchange diffusion type of system, this value 
Is 4 Maximum. 
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For sodium exchange, in which the ratio Na;/Na, = 0.162 and the electrica} 
gradient is 15 mv. negative inside to outside, the electrochemical gradient js 
also 1400 cal./mol so that for sodium transport the same percentage of the 
available energy from oxidative metabolism would be used. If the two trans. 
port systems are unlinked, the total expenditure of energy would still not 
require more than approximately 0.6 per cent of the energy available to the 
cell. 

It must be noted, however, that the possibility exists that in the steady 
state at 22°C. the two transport systems may be linked so that the energy 
expenditure under these conditions may be less. The fact that the electro- 
chemical gradients for the two ions are identical and that their exchange rates 
are identical gives some support to this possibility. However, this link is not 
obligatory for, as we have demonstrated above, one can devise experimental 
situations which will separate the two transport systems. 


TABLE V 
Conversion Table 





From To | Multiply by 








| 
! 
— 


. pa /10' cells/hr. wliters/mg. dry weight/hr. 6.2 

. pm/10? cells/hr. mM/kg. dry weight /hr. | 10°/3.6 
. pliters/mg. dry weight/hr. M.eq./kg. dry weight/hr. 10°/22.4 
. pu /10' cells/hr. pm/cm.2/sec. | 10°/270 
. Millivolts of electrochemical gradient | Calories/mole | 23 





The spherical shape of the ascites tumor cell permits an easy calculation of 
its surface area and from this and flux data, the flux may be expressed in 
dimensions of pm/cm.?/sec. The mean surface area for this cell is 750 y’ and 
for a steady state flux of 0.82 um/107 cells/hr., the flux is calculated to be 
3.0 pm/cm.?/sec. 

To allow the reader to move conveniently from one set of dimensions to 
another, Table V has been included. Conversion factors have been listed which 


are applicable to the Ehrlich ascites tumor cell in order to permit ready com- 
parison with other cells. 
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ABSTRACT 


Certain bivalent cations, particularly Mg** and Mn**, can be absorbed by yeast 
cells, provided that glucose is available, and that phosphate is also absorbed. The 
cation absorption is stimulated by potassium in low concentrations, but inhibited 
by higher concentrations. From the time course studies, it is apparent that the absorp- 
tion rather than the presence of phosphate and the potassium is the important factor. 
Competition studies with pairs of cations indicate that binding on the surface of the 
cell is not a prerequisite to absorption. The absorption mechanism if highly selective 
for Mg++ and Mnt*, as compared to Cat+t, Sr**, and UO;**, whereas the binding 
affinity is greatest for UO;**, with little discrimination between Mg**, Ca*+*+, Mn+, 
and Sr**. In contrast to the surface-bound cations which are completely exchange- 
able, the absorbed cations are not exchangeable. It is concluded that Mg** and 
Mn** are actively transported into the cell by a mechanism involving a phosphate 
and a protein constituent. 


The physiological importance of certain bivalent cations, particularly Mg**, 
Ca**, and Mn**, has been established for many years. In addition, the role 
of the cations as cofactors in enzyme reactions has been extensively investi- 
gated. However, little is known concerning the mechanism by which they are 
absorbed by cells. In roots of plants bivalent cations are bound in an exchange- 
able form, and in addition, are absorbed into the “inner space” of cells, in 
which case, they are no longer exchangeable with extracellular cations (1). 
In the liver of the rat the uptake of Ca*+ is related to the age of the rat, part 
of the Ca** being bound and part ultrafilterable (2). In muscle, the uptake of 
Ca** is a complex process, apparently involving binding on the surface of the 
cells, exchange with the intracellular Ca**, as well as an active extrusion proc- 


*This paper is based in part on work supported by a grant from the Electro 
Metallurgical Company, a division of Union Carbide and Carbon Corporation, and 
in part on work performed under contract with the United States Atomic Energy Com- 
mission at the University of Rochester Atomic Energy Project, Rochester, New York. 
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ess (3, 4). In cells of Elodea leaves, Ca** is absorbed by the surface layers of 
the cell and released under certain conditions into the vacuole (5); the binding 
substance in this case, and also in the case of Arbacia eggs, being ribonucleic 
acid (6). The cell surface is also involved in the binding of cations by spores 
(7), bacteria (8), and yeast (9). The binding groups, in the case of yeast, are 
of two types, phosphoryl! and carboxyl (9). Yeast cells can also absorb Mg++, 
together with K* and phosphate, during the metabolism of sugar (10). Some 
Mgt can also be transported by the K* carrier system in the absence of K+ 
(11). As in the cells of roots (1), the bivalent cations of yeast cytoplasm are 
not exchangeable with the cations of the medium, whereas the surface-bound 
cations are completely exchangeable (9). Exchangeability, therefore, provides 
a means of distinguishing bound cations from absorbed cations. 

The present paper is concerned primarily with the mechanism by which the 
yeast cell absorbs bivalent cations, particularly the relationship of the absorp- 
tion mechanism to cation binding by the cell surface and to phosphate and 
potassium metabolism. The ions studied include Mg**, Ca++, Sr+, U0,+, 
and especially Mn**. All the cations except Mgt* were studied by isotope 
technique with Ca*®, Sr®, U*, and Mn*, as well as by chemical techniques. 


Method 


Fresh baker’s yeast was thoroughly washed and suspended in a metabolically inert 
buffer containing triethylamine, tartaric acid, and succinic acids (0.02 m) (12). Unless 
otherwise noted, the pH was 5.0, and the temperature was 25°C. Aeration and mixing 
of the suspension were obtained by bubbling washed air through the suspension. In 
a few anaerobic experiments, N:2 replaced the air. At zero time the appropriate con- 
centrations of the cations (as chlorides) and of phosphate (as triethylamine neutralized 
phosphoric acid), and glucose were added. In a few cases, when indicated, the glucose 
and potassium were added 30 minutes before the phosphate and bivalent cations. 
Samples of the suspension taken at indicated times were centrifuged, and the super- 
natant medium decanted for analysis. In a number of experiments with Ca** and 
Mn**, the interactions with the cell were measured by both chemical and isotope 
techniques. In each case, the results were essentially identical. The same is also true 
for phosphate (13). For this reason, most of the experiments reported here, except 
those with Mg*t* and K*, were carried out by means of isotope techniques. 

Analytical procedures were as follows:— 

Phosphate-—Method of Fiske and SubbarRow (14) modified by addition of 15 per 
cent alcohol prior to color development. 

Potassium.—Flame photometric procedure using a Wechselbaum-Varney instru- 
ment built by Fearless Camera. 

Magnesium.—Precipitation in 20 per cent ethyl alcohol as the magnesium am- 
monium phosphate in the presence of an excess of phosphate and NH,OH. The washed 
precipitate is dissolved in dilute HCl and the phosphate determined. The ratio of P 
to Mg is 1:1. 

Calcium.—Versene titration method of Sobel and Hanok (15). 

Manganese.—Permanganate method (16). 
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Isotopes —Mn™ was counted with a scintillation counter, and P®, Sr”, and Ca* 
with a Geiger counter. Some double isotope experiments were carried out with Mn™ 
(an y emitter) and P® (a 8 emitter). Two procedures were useful: (a) counting with a 
Geiger tube with and without foil inserted above the sample and (6) counting first 
with the Geiger tube and then with the scintillation counter. In each case with ap- 
propriate control counts on P® and Mn® standards, the activity for each isotope in 
the mixture could be readily determined. The statistical counting error was less than 
3 per cent in all cases. 


RESULTS 
Upon addition of cations to a yeast cell suspension, there is a rapid equilibra- 
tion with binding sites on the surface of the cell, a process characterized in 


TABLE I 
The Binding and Absorption of Mn** as Influenced by Various Additions 





Mn** uptake, per cent 





2 min. 30 min. © min. 





25 24 28 
23 23 25 
24 23 27 
26 26 30 
23 26 28 
+ Glucose + K* 25 28 26 
+ Glucose + PO, 30 44 55 


+ Glucose + PO, + K* 33 70 95 


The yeast concentration was 100 mg./ml.; Mn**, 7.5 X 10 m; PO,, 5 X 10-* u; Kt, 
1 X 107° w; and glucose, 0.3 m. 














detail elsewhere (9). For example, in Table I, the surface binding, representing 
about 25 per cent of the added Mn**, was complete in less than 3 minutes, 
regardless of other additions to the medium. However, in the presence of 
phosphate and glucose, there was, in addition to the surface binding, a con- 
tinuous absorption of Mn++, which was markedly stimulated by K*. The ab- 
sorption of Mn** in the presence of phosphate and glucose could be readily 
differentiated from the surface binding, not only on the basis of its slower 
rate and its requirement for phosphate and glucose, but also on the basis of 
its exchangeability. The surface-bound Mn*+ was completely exchangeable, 
whereas the absorbed Mn++ was not. 

Some of the relationships between the absorption of Mn++, K+, and phos- 
phate are demonstrated in Fig. 1. If all three ions were added simultaneously, 
together with glucose, the K+ was rapidly absorbed, being reduced to a low 
level in 5 minutes. The phosphate was absorbed only after a delay of about 15 
minutes (up to 30 minutes in other experiments), at a rate considerably slower 
than that for K+. A rapid initial disappearance of Mn*+ (representing binding 
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by the cell surface) was followed after a delay period of some 20 minutes bya 
slow continued disappearance, at a rate about half of that for phosphate, Jn 
the sequence of events, phosphate absorption occurred after that of K+ was 
completed, and about half of the Mn++ was absorbed after the absorption of 
phosphate was completed. Thus, Mn*+ uptake is dependent, not on the pres- 
ence of K+ and phosphate, but on their prior absorption. For this reason, it is 
possible to separately expose the cells to each of the ions in question. For ex. 
ample, the broken lines of Fig. 1 represent an experiment in which cells were 











TIME IN MINUTES 


Fic. 1. The disappearance of K+, Mn**, and phosphate from the medium of re- 
spiring yeast cells. The yeast concentration was 100 mg./ml. and glucose, 0.1 m. In 
the control the glucose, K+, Mn**, and phosphate were added at zero time. In the 
preexposed the K* and glucose were added 30 minutes before zero time. 


preexposed to K* and glucose. Such cells absorbed phosphate and Mn** in 
approximately a 1:1 ratio, with no delay period. In another paper (17), ex- 
periments are described in which cells, preexposed to K+, phosphate, and glu- 
cose, when washed, are later able to absorb Mn*, if given glucose. 

Information on the interrelationships among K*, phosphate, and Mn™* 
uptakes was obtained by a series of experiments in which two of the ions were 
maintained at a constant concentration, and the third was varied. In each 
case, the absorption of Mn**+ was measured, with appropriate corrections for 
the surface binding obtained from control experiments with no glucose. 

The influence of phosphate concentration is demonstrated in Fig. 2. With 
no phosphate present, Mn*+ absorption was essentially zero, but with phos- 
phate present, increasing concentrations were associated with an increased 
rate of Mn++ absorption. In the experiment of Fig. 2, and in others not shown, 
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the initial rate of Mn** uptake was approximately proportional to the phos- 
phate concentration except with concentrations above 10 mm/liter, in which 
case, less Mn*+ was absorbed than would be expected on the basis of propor- 
tionality. The highest rate of Mn*+ uptake in the experiment of Fig. 2 was 
0,03 u per kilo of cells per hour. 

The rate of Mn*+ uptake is also conditioned by the concentration of Mn** 
(Fig. 3), but not to nearly the same extent as in the case for phosphate. With 
the lowest concentrations (0.5 and 1.0 mm), the uptake was completed during 
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Fic. 2. The influence of phosphate concentration on the absorption of Mn** by 
respiring yeast. The yeast concentration was 50 mg./ml.; Mn**, 1 x 10-* m; Kt, 
5 x 10 m; and glucose, 0.1 m. Cells were preexposed to K* and glucose for 30 min- 
utes. Corrections were made for surface binding, by controls with no glucose. 


the course of the experiment. With higher concentrations, an initial rapid up- 
take of about 30 minutes’ duration was followed by a prolonged period of up- 
take at a constant but slower rate. 

Although Mn*+* uptake is completely dependent on phosphate uptake, the 
reverse situation does not hold. Phosphate uptake proceeds to the same extent 
in the presence or absence of Mn++ with only a slight reduction in the rate if 
the Mn*+* concentration is relatively high. Also, as pointed out previously, 
the phosphate uptake may precede the Mn*+ uptake by several hours. For 
these reasons the relationship between the uptakes of the two ions is complex. 
Phosphate, if present in higher concentration than the Mn**, is absorbed more 
rapidly. On the other hand, Mn**, when present in equal or higher concentra- 
tions, is never absorbed more rapidly than is the phosphate, although it may 
be absorbed at about the same rate under some circumstances (see Fig. 1). 
However, the absorption of the Mn++ may continue after all the phosphate is 
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absorbed, and after a period of time, may exceed the phosphate absorption, 
For example, in the experiment of Fig. 2, the Mn** concentration was | X 
10 m. By 180 minutes nearly all was absorbed with a phosphate concentra. 
tion of only 0.7 X 10-* m. By 8 hours (not shown on graph), all was absorbed 
with a phosphate concentration of only 0.4 X 10~ m. Similarly in the experi. 
ment of Fig. 3, yeast exposed to the highest concentration of Mn*+ absorbed 
more Mn** than phosphate. The ratio of total Mn** absorbed to total phos. 
phate absorbed rarely exceeded 2 to 1 in any experiment, with no fixed stoi- 
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Fic. 3. The influence of Mn** concentration on the absorption of Mn** by re- 
spiring yeast. The yeast concentration was 50 mg./ml.; phosphate, 2 X 107 m; K*, 
2 X 10-* m; and glucose, 0.1 mu. The cells were preexposed to K* and glucose for 30 
minutes. Corrections were made for surface binding, by controls with no glucose. 





chiometric relationship apparent either in terms of rates of uptake, or total 
amounts absorbed. 

The pattern in the case of K+ was quite different (Fig. 4). Absorption of 
Mn** occurred in the absence of K+, but was markedly stimulated in its pres- 
ence, provided that the concentration was not too high. Maximal stimulation 
was obtained at 3 X 10~* m, with concentrations higher than 2 X 10~ m being 
markedly inhibitory. The stimulatory action of K+ on the absorption of Mn** 
is directly referable to its marked stimulatory action on the absorption of 
phosphate (13). On the other hand, the inhibitory effects of higher concentra- 
tions of K+ are not referable to any direct effect on phosphate uptake, for the 
latter process is stimulated by all K+ concentrations up to 0.1 m. Nor is any 
direct interaction of extracellular K+ and Mn*+* on the cell apparent. For ex- 
ample, the inhibitory effect persists in cells previously exposed to high con- 
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centrations of K+ plus glucose, then washed free of K+. Furthermore, previous 
studies have demonstrated that Mn** has no effect on the ability of cells to 
absorb Kt (18). It is therefore concluded that the inhibitory effects are related 
to the elevated cellular content of K* resulting from exposure to K* and 
glucose (20). 

The mechanism for the absorption of Mn** is highly specific. Of the bivalent 
cations tested, Mg** and Mn* are the only two that were absorbed at an 
appreciable rate, the former being absorbed about three times as rapidly at 
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Fic. 4. The influence of K* concentration on the absorption of Mn** by respiring 
yeast. The yeast concentration was 100 mg./ml.; phosphate, 7.5 x 10~¢ m; Mn**, 
7.5 X 10-* mu; and glucose, 0.1 mu. Corrections were made for surface binding, by con- 
trols with no glucose. 





equal concentrations (Fig. 5). Of the others, Ca** was absorbed at about 
one-tenth the rate of Mg**, while Sr++ and UO;** (not shown on Fig. 4) were 
absorbed at only a very slow rate, if at all. 

In order to investigate the specificity of the reaction in more detail, a series 
of competition experiments were carried out in which Mn** uptake was meas- 
ured in the presence of several concentrations of UO,++, Ca**, or Mgt. Repre- 
sentative data are shown in Fig. 6. The concentrations of Mn** and of yeast 
cells were chosen so that approximately 20 per cent of the added Mn** was 
bound by the cell surface, represented by the data for “no glucose.” In the 
control (no competing ion), the Mn*+ binding was also 20 per cent as indicated 
by the point at 2 minutes. Thereafter, Mn*+ was absorbed to completion at 
% minutes. In the presence of UO,*+, at ten times the Mn++ concentration 
(3 X 10 ut compared to 3 X 10~ m), the initial binding of Mn++ was almost 
completely blocked. Nevertheless, absorption proceeded at essentially the 
same rate as in the absence of UO;**. In the presence of Ca**, at three times 
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the Mn** concentration, the binding of the latter ion was blocked about 60 
per cent and the rate of absorption was inhibited about 40 per cent. In the 
presence of equimolar Mg**+ and Mn*-, the binding of the latter ion was only 
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Fic. 5. The specificity pattern in the absorption of bivalent cations by respiring 
yeast. The yeast concentration was 50 mg./ml.; all ions, 5 X 1074 m; glucose, 0.1 u. 
Corrections were made for surface binding, by controls with no glucose. 
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Fic. 6. Competitive inhibition of Mn** binding and absorption by other cations. 
The yeast concentration was 100 mg./ml.; Mn**, 3 x 10-* mu; UO;**, 3 x 10° ¥; 
Ca**, 1 x 107° mw; Mgt*, 3 x 10-* mw; Kt, 1 x 10-* mw; and glucose, 0.1 . 


slightly blocked but the absorption was almost completely inhibited. These 
data indicate that the surface binding is not a necessary prerequisite to ab- 
sorption. Furthermore, the specificity pattern of the two processes is entirely 
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different. UOs+* has a high affinity for the surface-binding sites and essentially 
none for the absorption sites; Ca**+ has only a slightly greater affinity for the 
surface-binding sites than for the absorption sites; and Mg*t* has a greater 
afinity for the absorption sites. The data of Fig. 6 are in essential agreement 
with the specificity pattern for absorption shown in Fig. 5, and with that for 
surface binding studied previously (9). 

The absorption of Mn*+ was found to be the same under anaerobic as under 
aerobic conditions, just as in the case of phosphate absorption (13). The ab- 
sorption of Mn*+ also varies with pH, but again the effects are referable to 
parallel effects of pH! on phosphate absorption. 


DISCUSSION 


In the yeast cell, the mechanism for absorption of bivalent cations possesses 
many of the properties of an active transport system: (a) a high degree of 
specificity, favoring Mg** and Mnt*; (6) a dependence on metabolism of ex- 
ternal substrate; (c) competition between cations for the transporting mecha- 
nism; and (d) directional asymmetry, with a high rate of influx, and essentially 
zero effux. It is not known whether the cations can be moved against the 
activity gradient, because the concentration of free Mn**+ or Mg** within the 
cytoplasm is not known, most of the bivalent cations of the cell existing as 
complexes with proteins and phosphate compounds (19). 

The actions of K* and of phosphate on bivalent cation absorption are of 
considerable interest. In each case, it must be kept in mind that the absorption 
of the ion, rather than its presence, is the prerequisite factor. The phosphate 
dependence is related to the chemical nature of the “carrier” for the transport 
of the bivalent cations. In another study (17), it will be shown that this car- 
rier is a phosphorylation product, which is synthesized during the absorption 
of phosphate, and which decays at a rate determined by the metabolic state 
of the cell. 

In the case of K+, two effects are seen, a stimulating action at lower con- 
centrations and an inhibiting action at higher concentrations. Both effects are 
probably related to the over-all electrolyte balance of the cell. In the absence 
of phosphate, yeast cells absorb K* in a stoichiometric exchange for H* derived 
primarily from metabolic reactions (20, 21). Part of the K+ is balanced against 
metabolic anions, such as succinate and bicarbonate, but part is at the ex- 
pense of cellular buffer capacity, resulting in alkalinization of the cytoplasm. 
In the absence of K+, phosphate is absorbed, but only to a limited extent 
(13). Because the H.PO,~ ion is selected in preference to HPO, ~, the absorp- 
tion is again at the expense of cellular buffer, resulting, in this case, in acidi- 
fication. In the presence of both K+ and H:PO,-, the absorption of the latter 
is markedly enhanced, even though the absorption of K* occurs first. Thus, a 
cell rich in fixed base (K+) can absorb much greater quantities of H:PO,-. In 
turn, with greater absorption of H:PO,-, the synthesis of the Mn++ carrier is 
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enhanced, accounting for the stimulation of Mn** absorption. However, wit) 
a large excess of K+ compared to phosphate (as in the experiment of Fig, 4), 
even though the phosphate uptake and carrier synthesis are enhanced, the c¢l| 
has such a large surplus of cation that the absorption of Mn* is inhibited. 
The nature of the transporting reaction is not known. However, some of the 
observations in the present paper are suggestive: (a) the surface binding by 
fixed negative groups of the cell surface is not involved; (5) the reaction js 
effectively irreversible; (c) the carrier is a phosphorylation product; (d) the 
reaction is dependent on metabolism; and (e) the specificity pattern is remarks. 
bly like that of phosphorylation enzymes with Mg** requirements, rather than 
a binding to fixed ionic groups, such as phosphoryl or carboxyl. Perhaps, then, 
the carrier system involves, in addition to a phosphorylated substance, a pro- 
tein constituent, the two together conferring the specificity. A hypothesis 
which might account for the properties listed above is that of the contractile 


protein of the cell membrane, proposed by Goldacre and elaborated by Danielli 
(22). 
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ABSTRACT 


The isolation and properties of a desoxyribonucleoprotein of the rat liver cell 
nucleus are described. This material consists of DNA (desoxyribonucleic acid) bound 
to the residual chromosomal protein by what appear to be covalent linkages. Lipide 
is present, but can be removed by extraction in lipide solvents prior to isolation of 
the nucleoprotein, without much change in the physical properties of the latter. 
The nucleoprotein in question forms elastic, recoilable gels in molar saline at pH 
7.0 or in water at pH 8.0 to 10.0 or even higher, which are similar to those that can 
be obtained from whole nuclei. 

The effects of x-rays, heat, and enzymes on the nucleoprotein are discussed, and the 
composition of the protein component is investigated. The latter contains an “occult” 
protein that can be liberated by heating in 0.1 n HCl. 

A study of the enzymatic degradation of the desoxyribonucleoprotein has been 
made, with the aim of attempting the isolation of small polynucleotide fragments 
attached to amino acids or short peptides that might be useful in characterizing 
the mode of attachment of the desoxyribonucleic acid to the protein in the desoxyribo- 
nucleoprotein. Evidence is presented indicating that such products can be isolated 
through the use of electrophoresis on paper. 


This paper deals with the isolation, properties, and enzymatic degradation of 
a desoxyribonucleoprotein isolated from rat liver nuclei. This nucleoprotein is 
not desoxyribonucleohistone, but a material containing most of the DNA of 
the nucleus firmly bound to the residual nuclear protein remaining after the 
extraction of globulins and histones. This residual protein is probably identical 
with the residual protein of Mirsky (25), the “chromosomin”’ of the Steadmans 
(33, 34), and the protein component of the lipoprotein complex studied by 
Engebring and Laskowski (15) and by Wang et al. (39, 40). 
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tional Institutes of Health, United States Public Health Service, Research Grant 
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The senior author a number of years ago described the firm binding of DNA 
to protein in the cell nuclei (6) and later on this was related to the capability of 
the nuclei to form gels in alkali or strong saline solution (8, 12), but Mirsky 
and Ris (27) seem to have been the first to show that DNA can be firmly 
attached to the non-histone protein of chromosomes. Although the concept of 
firm binding of DNA to non-histone nuclear protein has not been accepted very 
readily, because of the previous firmly established belief that DNA occurs only 
as a salt with histone or protamine in the nucleus, there is now a fairly extensive 
literature indicating that DNA is bound in a variety of types of cell nuclei more 
firmly than could be accounted for by simple salt formation with histone or 
protamine (1-3, 16, 18, 19, 31, 37). 

The cleavage of DNA from the residual protein of the nucleus can be brought 
about by heating in acid, alkali, or even in neutral solutions; by x-rays; and by 
certain enzymes present in mitochondria, including DNAase I and probably 
protease. The enzymatic breakdown of the nucleoprotein has been mentioned 
previously (14, 10) and has been dealt with in greater detail in a separate paper 
(13). 

In the experimental section of this paper we shall describe a method of isolat- 
ing the desoxyribonucleoprotein from rat liver cell nuclei, as well as its degrada- 
tion by heating in acid to yield an apparently new “occult protein” fraction. We 
shall also describe the degradation of this nucleoprotein by enzymes to yield 
fragments containing both nucleotides and amino acids, which are thought to 
represent regions of the original desoxyribonucleoprotein molecules in the 
vicinities of points of attachment of the DNA to the protein. Some additional 
information concerning properties of the desoxyribonucleoprotein will be given, 
and in the discussion the relationship of this nucleoprotein to chromosomal! 
structure will also be considered. 


Experimental Isolation of the Desoxyribonucleoprotein 


Nuclei were isolated at pH 4.0 in dilute citric acid (7, 9) or in 0.44 m sucrose at 
pH 6.0 (14). Most of the work was done with the former type of nuclei, since these 
can be readily isolated on a large scale (28). In either method the action of the mito- 
chondrial enzymes in splitting the desoxyribonucleoprotein is prevented by the con- 
ditions of isolation. 

The nuclei were extracted two or three times with 0.9 per cent NaCl at 0°C. to 
remove globulins, with prior adjustment of the pH to 7.0 with dilute NaOH. The 
extracted nuclei were washed with ice cold water and then were extracted two or 
three times with 0.2 n HCl at 0°C. to remove extractable histones. Excess HCI was 
removed from the residual material by extraction with ice cold water. The remain- 
ing material is what is referred to as the desoxyribonucleoprotein. Lipide is present, 
but similar material can be obtained from Behrens’ type nuclei (9), which do not 
contain appreciable lipide. The lipide does not affect the gelability of the product nor 
the attachment of the DNA to the protein. The desoxyribonucleoprotein prepared 
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rom nuclei isolated at pH 4.0 contains traces of mitochondrial degelling enzymes, 
and should be stored in the cold at approximately pH 4.0 to retard the action of 


these enzymes. 
Properties of the Desoxyribonucleoprotein 


The attachment of protein to DNA is recognized by the ability of the nucleo- 
rotein to form a characteristic elastic gel in dilute alkali or strong salt solu- 
tions, a property not shared by the ionic associations of histone or protamine 
with DNA. This gel exhibits a pronounced recoil or unwinding tendency when 
subjected to a swirling motion. Free high polymer DNA, it will be remembered, 
has an effective limit of solubility at about 0.25 per cent (dry weight per volume) 
above which concentration a stiff jelly is obtained. The nucleoprotein in di- 
lute alkali or molar saline, however, is too stiff to flow normally at concentra- 
tions in the neighborhood of only one one-hundredth of this value. 

The addition of a drop of dilute (1:5) NH,OH to a few drops of a suspension 
of the nucleoprotein in water below pH 7 will produce a clear yellowish gel. This 
gel may be greatly diluted with distilled water, and will slowly swell to fill 
the provided volume. The centrifugation of such very dilute solutions at 2000 
2.P.M. for a few minutes (International refrigerated centrifuge) will cause the 
accumulation of the gel material at the bottom of the tube. Little or no DNA 
will remain in the supernatant. Nucleoprotein solutions formed in 1 m sodium 
chloride at pH 7 to 8 also can be concentrated by low speed centrifugation, and 
again little or no DNA remains in the supernatant. 

The degree of hydration of the nucleoprotein is extremely dependent upon 
pH and salt concentration. At pH values below neutrality, the nucleoprotein 
will hydrate only poorly. In essentially salt-free environment, the nucleoprotein 
will imbibe water and swell gradually as the pH is raised by the addition of the 
hydroxides of monovalent cations. Strong swelling occurs at pH 7.5, where the 
gels produced tend to be opaque. At pH 8.5 clear gels form which can be diluted 
easily to almost any desired volume. The exact pH at which gelation begins in 
solutions of low ionic strength is difficult to determine because of the very low 
rate of hydration at pH values below 8. 

The nucleoprotein appears to be completely hydrated in molar NaC! at pH 
values as low as 7.0, where clear gels are formed. As the salt concentration is 
lowered, hydration becomes correspondingly decreased. The gel is diluted only 
with difficulty in 0.5 m NaCl. Precipitation of the nucleoprotein occurs below 
0.3m NaCl, and redissolving cannot be effected until the salt concentration has 
been reduced to very low values. 

The effect of divalent cations on the hydration of the nucleoprotein is worthy 
of note. The presence of very small amounts of such ions serves to depress the 
hydration of the nucleoprotein to the extent that precipitates may be formed, 
under any conditions except in very strong salt solutions. None of the manipula- 
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tions described above has ever been found to release either protein or DNA from 
the nucleoprotein preparation. 

When non-gelable nuclei, such as those prepared at pH 6.0 in 1 per cent gum 
arabic solutions (11), are subjected to the procedure for the preparation of 
nucleoprotein, the material obtained has distinctly different properties, The 
addition of dilute alkali simply dissolves the DNA, leaving much of the protein 
insoluble. Sodium chloride solutions have a similar effect. After removing the 
DNA from such preparations, the protein largely dissolves in 1 m NaOH on 
standing overnight. When this solution is adjusted to pH 6.0, the protein 
precipitates. The same solubility properties have been reported by Wang ¢t al. 
(40) for the lipoproteins from isolated liver cell nuclei. 


Factors Causing the Destruction of the Nucleoprotein 


Three types of factors are known to result in the destruction of the desoxy- 
ribonucleoprotein. The first, namely the mitochondrial degelling enzymes, has 
been mentioned previously (12, 14, 10, 29), and has been considered in more 
detail in a separate paper (13). 

The second factor capable of destroying the gel-forming capacity of the 
nucleoprotein, namely low doses of x-ray, has also been mentioned previously 
(12). 

The third factor in question that can destroy the gel-forming capacity of the 
nucleoprotein is heat. Exposure to 100°C. for 7 minutes in the presence of 
dilute acid or alkali (0.1 n HCl or NaOH), or even at neutral pH, will com- 
pletely destroy the ability of the nucleoprotein to form gels. Heating in alkali 
reduces the gel to a viscous yellow solution. If the nucleoprotein is heated in 0.1 
N HCl, a precipate forms which contains both DNA and protein. After removing 
the acid from this precipitate by washing with water, the addition of dilute 
ammonia causes the DNA to go into solution, but leaves nearly all the protein 
undissolved. When the nucleoprotein was heated at neutrality, only a slight 
amount of recoilability was observed after stirring if the solution was subse- 
quently made alkaline, and considerable amounts of insoluble material remained 
suspended in the sample. 

The material rendered insoluble in dilute alkali by heat treatment at any 
pH, was found to contain only traces of DNA. It seems reasonable to conclude 
that the heat treatments had destroyed the bonds attaching the DNA to 
protein. 

The failure to obtain a protein precipitate by heating in alkali is probably due 
to solubilization of the protein through degradation. The acidification of these 
alkaline solutions after heating causes the release of hydrogen sulfide, suggesting 
that hot alkali may have induced appreciable decomposition of the protein 
moiety of the nucleoprotein. 
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Experiments Concerned with the Protein Components of Desoxyribonucleoprotein 


When desoxyribonucleoprotein was treated with crystalline pancreatic desoxy- 
-ibonuclease at pH 7.0 in 1M NaCl containing 0.03 m MgSO,, a precipitate of pro- 
teinaceous material was formed. This material was almost completely soluble in 
| M NaOH, and could be subsequently reprecipitated by lowering the pH of the so- 
lutions to 6. 

The residual material remaining after the removal of globulins and histones from 
non-gelable nuclei isolated at pH 6.0 was found to consist of essentially free DNA 
and a protein fraction displaying solubility properties similar to those just described 
for the protein released from nucleoprotein by the action of DNAase I. These two 
protein preparations were found to have apparently identical amino acid composi- 
tions, as nearly as could be ascertained by examination of their hydrolysates (6 N 
HCl, 110°C. for 8 hours in sealed tubes) by two dimensional paper chromatography. 
Both preparations, and the nucleoprotein as well, have a pronounced rancid odor 
which comes from the fact that lipide is present, as already stated. 

When nucleoprotein was heated at 100°C. in 0.1 n HCl, a precipitate was obtained 
which contained protein and DNA. This precipitate was no longer capable of gel 
formation. The acid supernatant fluid above the precipitate was found to contain a 
second protein fraction which is soluble from pH 1 to 10, but which can be precipi- 
tated from alkaline solution by the addition of 3 volumes of 95 per cent ethanol. 
The acid-soluble protein thus obtained from the nucleoprotein has been referred to as 
the occult protein. 

That a limited and reasonably constant amount of occult protein could be obtained 
from nucleoprotein preparation was established as follows: A number of equal aliquots 
of a nucleoprotein suspension in 0.1 N HCl were heated for varying periods of time 
at 100°C. The individual samples were quickly cooled and centrifuged. The clear 
supernatants from each sample were decanted and the sample washed once with a 
small volume of 0.1 N HCl. To the combined extracts of each sample were added 
one-tenth volume of concentrated NH,OH and 3 volumes of 95 per cent ethanol. 
The mixtures were allowed to stand at 3°C. overnight, following which the flocculent 
precipitates were collected by centrifugation, and dried at 105°C. for 8 hours. Fig. 1 
displays the relationship between the amount of occult protein obtained and the 
duration of the heat treatment. The data indicated that hydrolysis for 9 to 10 
minutes provided for the complete release of the occult protein. A similar experiment 
indicated that only about half as much occult protein could be recovered by hy- 
drolysis of the nucleoprotein in 0.1 N NaOH for 10 minutes. 

Analyses of several nucleoprotein preparations in this manner indicated that the 
occult protein constituted an average of 14.9 per cent of the dry weight of the nucleo- 
protein, with individual values varying from 12.2 to 17.0 per cent. Since the desoxy- 
ribonucleoprotein constitutes about 62 per cent of the dry weight of rat liver cell 
nuclei isolated at pH 4.0, the occult protein represents about 9 per cent of these 
nuclei. 

It was found that occult protein could also be prepared from the residual material 
of non-gelable nuclei isolated by the gum arabic procedure. Heating in acid was 
performed as described above. The occult protein appears to comprise 12 to 13 per 
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cent of the residual material of these nuclei, and approximately 5 per cent of the 
whole nuclei on a dry weight basis. It is possible that the occult protein might repre. 
sent a bound histone fraction, such as the histone fraction of Mirsky and Ris (26) 
that is not extractable with cold acid. However, the material does not dissolve in the 
mercuric sulfate-sulfuric acid reagent of Mirsky and Pollister (25) at any tempera- 
ture and hence cannot be unaltered histone. 

It was rather surprising to find, in the case of rat liver nuclei, that two dimensiona| 
paper chromatograms of the amino acids present after the hydrolysis of the desory- 
ribonucleoprotein are indistinguishable from those obtained from the hydrolysis of 
histone precipitable by ammonia alone, histone precipitable by ammonia plus alcohol, 
and the occult protein. 
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Fic. 1. Release of the occult protein by hydrolysis with 0.1 x HCl. 
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The Enzymatic Degradation of the Desoxyribonucleoprotein 


The characterization of the chemical bonds involved in the DNA-protein 
linkage is severely hampered by the physical properties of the nucleoprotein 
molecule and by the large numer of functional groups on both nucleic acid and 
protein moieties. It therefore seemed desirable to undertake a systematic 
degradation of the nucleoprotein molecule, with the hope of obtaining reason- 
ably small molecules in which the chemical bonds in question remained intact— 
in other words, nucleotide-peptide complexes of reasonable molecular weight. 
This achievement would amount toa “purification” of the DNA-protein bonds. 


Desoxyribonucleoprotein was prepared from the nuclei isolated at pH 4.0 from 
150 gm. of rat liver (7,9). This material, after several washings with water, was 
suspended in about 50 ml. of distilled water and adjusted to pH 8.5 by the addition 
of dilute sodium hydroxide. The nucleoprotein, white in the solid state, forms a clear 
colorless gel under these conditions. A small sample of the nucleoprotein gel was re- 
moved at this time to act as a control. This sample was subjected to the same con- 
ditions of temperature and pH as the experimental sample, but no enzymes wert 
added to it. At the end of the experiment, the control had retained its elastic proper 
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ties. This was taken to indicate that the experimental conditions, in the absence of 
the enzymes, had not caused the destruction of the bonds between DNA and protein. 

About 5 mg. of crystallized beef trypsin’ was dissolved in 1 ml. of distilled water, 
and added to the nucleoprotein solution. The mixture was stirred gently with a 
mechanical stirrer. The pH of the solution was maintained between 8.0 and 8.5 by 
the addition of dilute NaOH when necessary. After 2 hours at 25°C., an additional 
5 mg. of trypsin was added as before. After a total of 4 hours, no further pH change 
was observed. The gel was observed to have relaxed considerably. 

The tryptic digestion was permitted to proceed for a total of 5 hours. At the end 
of this time the reaction mixture was adjusted to pH 8.0, and 5 mg. of four-times 
crystallized chymotrypsin was added in 1 ml. of distilled water. The reaction was 
permitted to proceed at 25°C. for a total of 5 hours with the pH maintained between 
75 and 8.0. A second 5 mg. of chymotrypsin was added at the end of the 3rd hour. 

At the conclusion of the proteolytic digestions, the solution had acquired a yellow- 
ish cast, and was now observed to be clear and highly viscous, with none of the elastic 
properties of the original nucleoprotein gel. 

Enough sodium chloride was then added to the solution to raise its concentration 
to 1 m with respect to the salt. No precipitation occurred. With the addition of 1 
volume of 95 per cent ethanol, a fibrous precipitate formed which was collected by 
winding on a stirring rod. This fibrous material resembled a crude preparation of 
DNA. The precipitate was redissolved in 1 m sodium chloride and reprecipitated by 
the addition of alcohol. It was then washed several times with 70 per cent ethanol, 
ethanol-ether (1:1), chloroform-methanol (3:1), and finally with diethyl ether. 
These solvents removed considerable amounts of lipoidal material. After air-drying, 
the fibrous, slightly gray material thus obtained weighed 81 mg. 

This fibrous product, resembling DNA except for its color, should have repre- 
sented DNA with relatively short peptides still attached, but was undoubtedly con- 
taminated with extraneous peptides, and perhaps proteolytic enzymes, which had 
been coprecipitated. It was stored in a desiccator at 3°C. until used. 

30 mg. of the DNA-like material was added to 0.50 ml. of 0.03 m MgSO, at 25°C. 
The material imbibed water rapidly, forming gelatinous masses owing to the high 
concentration used. (Pure DNA will also form gelatinous masses in sufficiently con- 
centrated solutions.) 144 mg. of crystalline pancreatic desoxyribonuclease (Worthing- 
ton Biochemicals) was added, and the pH of the mixture was maintained at about 7 
using a dye for pH estimation. Within a few minutes the nuclease caused the com- 
plete liquefaction of the jelly-like nucleoprotein derivative. The reaction was per- 
mitted to proceed for 3 hours at 25°C. At the termination of the digestion, a small 
amount of insoluble material was observed in the tube. Since this gave no reaction 
with diphenyl amine, it was discarded. The solution itself was clear and non-viscous. 

For comparison, 30 mg. of calf thymus sodium desoxyribonucleate, prepared by 
the method of Kay et al. (20), was treated in the same manner. The behavior of this 
material was exactly as described above, except that no precipitate resulted from the 
action of the nuclease. 


‘The proteolytic enzymes used in these experiments were kindly provided by 
Dr. M. Laskowski of Marquette University. 
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Electrophoresis of Degradation Products of the Desoxyribonucleoprotein—The so. 
lutions were then subjected to electrophoresis for 3 hours at 25°C. on filter paper, 
using 0.05 m acetate buffer of pH 4.5 and a field strength of approximately 10 volts 
per cm. The apparatus used was similar to that described by Kunkel and Tiseliys 
(21). The samples were applied as streaks across 5 inch wide strips of Whatman 3M\ 
filter paper which had been previously equilibrated for wetness in the apparatus, 4 
the conclusion of the electrophoretic separation, the filter paper strips were air-dried 
in a horizontal position. Three such strips were required to accommodate the {yl} 
volume of each sample, each strip carrying one-third of the sample. 

The electrophoretic patterns were cut perpendicular to the line of electrophoretic 
migration, into strips 1 cm. in width. The corresponding strips from the three parallel 
patterns were jointly eluted with water, and the eluates diluted to 10 ml. Aliquots 
of these solutions were used for analysis. 

Spectrophoiometric Measurements——Using a Beckman model DU spectropho- 
tometer, the optical density of each eluate was measured at 260 my. In addition, 
complete spectra of several samples were obtained in the region of 230 to 300 mu. 

Analysis for Amino Groups—Primary amino groups were quantitatively estimated 
by the photometric ninhyarin method of Troll and Cannan (38). A Klett colorimeter 
with a No. 56 filter was used for the colorimetric measurements. Chromatographically 
pure glycine served as a standard for these determinations. Aliquots of the eluates 
of the chromatographic patterns were analyzed both before and after hydrolysis in 


6 nN HCl for 16 hours (at 105°C., in sealed tubes). All amino group analyses were 
carried out in duplicate. 


Results of Analysis of Enzymatic Degradation Products of 


the Desoxyribonucleo protein 


At the pH used in these electrophoretic separations, most proteins and 
peptides would be expected to carry a zero or a net positive charge, while 
nucleotides and polynucleotides would carry net negative charges. The hybnd 
compounds of polynucleotides attached to polypeptides, representing the zones 
of linkage between DNA and protein, would be expected to have lower net 
negative charges than those of free nucleotides, and hence should migrate more 
slowly than the latter. 

The distribution of 260 mu-absorbing material on the electrophoretic pattern 
is presented in Fig. 2. An examination of the data reveals that appreciable 
amounts of nucleotides obtained from the degradation of the nucleoprotein 
have mobilities lower than any obtained from pure DNA degraded in the same 
fashion. This phenomenon has been reproduced in five different experiments on 
three separate preparations of nucleoprotein. 

The analyses for amino groups were undertaken in an attempt to show 4 
coinciding of nucleotides and peptides on the electrophoretic pattern. The 
distribution of amino nitrogen in the acid-hydrolyzed samples is presented in 
Fig. 3. No ninhydrin reaction was obtained in any zone before hydrolysis. It 
should be noted that acid hydrolysis under the conditions employed causes 
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considerable degradation of purines, rendering some of their nitrogen ninhydrin 
reactive. The data in Fig. 2 are not corrected for the contribution of the nu- 
Jeotides, as such a correction would require the exact determination of the 
purines and pyrimidines present in each zone. 

The ninhydrin-reactive substances which were significantly displaced catho- 
dally from the origin are very probably peptides. Their mobility is such as would 
be expected of peptides, they were not ninhydrin-positive before hydrolysis, 
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Fic. 2. The ultraviolet-absorbing products of the enzymatic degradation of the 
desoxyribonucleoprotein of liver cell nuclei. 
O, desoxyribonucleoprotein, A, DNA (used for a control). 


and they could not be located on the electrophoretic pattern by means of brom- 
phenol blue staining. No significant absorption of ultraviolet light was observed 
in these regions. 

Considerable amounts of protein were found at the origin in both patterns. 
This probably represents the desoxyribonuclease, and, in the case of the nucleo- 
protein, residual traces of the proteolytic enzymes. This material stained in- 
tensely on the paper with brom-phenol blue. It was also unreactive with 
ninhydrin before hydrolysis. The presence of the proteins in this location was 
to be predicted from electrostatic considerations (28, 30). 

Approximately equal amounts of absoprtion at 260 my were also found at 
the origin in patterns from the desoxyribonucleoprotein and from DNA. This 
fact suggests that the nuclease may be capable of binding some nucleotides to 
the filter paper, or else that some poorly degraded DNA remains. On the pat- 
terns obtained from both DNA and the nucleoprotein derivatives, the distribu- 
tion of ninhydrin-positive material roughly parallels the distribution of nucleo- 
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tides. However, notice should be taken of the zone spread approximately § cm, 
anodally from the origin of the pattern obtained from the nucleoprotein deriva. 
tives. In this region the ratio of the intensity of the ninhydrin reaction to the 
optical density at 260 my is so high that the ninhydrin reaction can hardly be 
entirely due to the decomposition of nucleotides that are present. This ratio is 
about 9 to 3, whereas in the zone containing the bulk of the nucleotides from 
the electrophoresis of the DNA digest, the ratio is only 3.7 to 3. It is to be 
remembered that this zone also contains nucleotides with abnormally low 
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Fic. 3. The ninhydrin-positive products of the enzymatic degradation of the 
desoxyribonucleoprotein of liver cell nuclei, before and after hydrolysis with HCl. 
O, desoxyribonucleoprotein, A, DNA (used for a control). 


mobilities. It seems very probable therefore that this zone contains nucleotides 
still attached to peptides by the chemical bonds which link DNA and protein 
together in the intact nucleoprotein. The presence of nucleotides and peptides 
in this zone is otherwise very difficult to account for. 

There was no indication of any spontaneous splitting of DNA from protein 
in the control not subjected to enzymatic degradation. Unfortunately the only 
means at present for testing such a control is to observe the elastic gel that 
forms upon the addition of alkali, and this is not a quantitative assay. However, 
the strength of the gel did not appear to diminish during the time required for 
the enzymatic degradation of the nucleoprotein and the electrophoretic separa- 
tion of the products. 


DISCUSSION 


The biochemical argument that DNA exists in nature in chemical union with 
protein depends primarily upon the observation that DNA cannot be separated 
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from protein until some chemical change has been brought about by enzymes, 
heat, or irradiation. The final proof that this attachment is covalent must 
await the characterization of the chemical bond involved. 

The data obtained from enzymatic degradation of the nucleoprotein suggest 
that it may be feasible to prepare substantial quantities of the nucleotide- 
peptide complexes for direct chemical study. The DNA-like product obtained 
after proteolytic digestion of the nucleoprotein appears to be stable for at least 
3 weeks, and could be accumulated from a number of nucleoprotein prepara- 
tions. By substituting starch plates for paper, the electrophoretic separation 
could be carried out on a preparative scale. 

It was noted that less than 2 per cent of the total nucleotides of the nucleo- 
protein appear in the electrophoretic zone suspected of containing the nucleo- 
tide-peptide compounds in question. Assuming that extensive destruction of 
the DNA-protein bonds has not occurred during the degradative procedure, it 
follows that there can be at most only one link to protein for every 50 to 100 
nucleotide residues on the DNA chain. As it is unlikely that the nuclease leaves 
only mononucleotides attached to the peptide chains, the frequency of attach- 
ment points may be several fold smaller than this value. Such a small number 
of sites of attachment would make more intelligible the rapidity with which the 
intramitochondrial enzymes release DNA from the nucleoprotein and the effi- 
ciency with which low doses of ionizing radiation cause the loss of elasticity of 
the nucleoprotein gels. 

It is of interest that there is also a biological argument that seems to indicate 
a necessity for a firm chemical union between DNA and chromosomal protein. 
If DNA is indeed genetic material or an important part of the genetic determi- 
nants, then presumably each DNA molecule must be rigidly established at a 
fixed locus on a particular chromosome. Contemporary experiments with 
genetic mapping would indicate that necessity, unless the improbable assump- 
tion is made that DNA molecules extend throughout the length of the chromo- 
some and have different genic functions in different sections of the molecule. 
This location must be maintained throughout the profound changes that occur 
in the degree of hydration of the chromatin material during the mitotic cycle, 
and must be passed on with a high degree of accuracy to the progeny of the 
cell. A mechanistic consideration of these attributes would be greatly facilitated 
by the assumption that DNA was rigidly fixed to a macromolecular skeleton. 

Several attributes of the nucleoprotein presently under consideration suggest 
that it may represent such a macromolecular structural unit of the chromosome. 
The fact that it can be easily concentrated from dilute solutions by the centrif- 
ugal application of only 1000 g presumably indicates an extremely high molec- 
ular weight. The broad changes in the degree of hydration which may be 
produced by varying the pH and the ionic composition of the medium, could be 
useful in explaining the cyclic changes in the appearance of the chromosomes. 
Also, the observed radiation susceptibility involves doses of the same order of 
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magnitude as those used to induce chromosome breakage and fragmentatio, 
(4, 5, 24, 32, 35, 36), an effect poorly understood at the chemical level. 

As yet there is very little data which have bearing on the spatial arrangemen; 
of these macromolecules. Studies with the electron microscope of preparations 
of nucleoprotein, freeze-dried after spraying on collodion membranes (41), 
indicated a complex fibrillar network, similar to that described by Frajola ¢ gj 
(17). The smallest fibers observed displayed a diameter of 50 to 100 A. Chemica! 

_ analyses indicate that in the case of liver the DNA constitutes slightly less than 
30 per cent of the dry weight of the nucleoprotein, the remainder being made 
up of residual protein, including the occult protein, and lipide. The number 
of sites of binding of DNA to residual protein is probably small, perhaps only 
one or two per DNA molecule. 

All the above data are compatible with either of the following two postulated 
structures for the macromolecule: it could be an alternating linear polymer of 
residues of protein and DNA, or it could be a protein backbone to which DNA 
molecules are attached as side branches. In addition to these two simple 
structures, other more intricate combinations can also be envisioned. The in- 
volvement of DNA in an alternating linear polymer structure apparently is con- 
tradicted by studies of Mazia et al. (22, 23), but there is need for further investi- 
gation on this point. 

It is hoped that the work outlined in this paper will help to focus attention 
upon the importance of the attachment of DNA to the residual chromosomal 


protein and to encourage further studies of the mode of attachment of the DNA 
to this protein. 


SUMMARY 


1. The isolation and properties of a non-histone type desoxyribonucleoprotein 
of rat liver cell nuclei are described. 

2. The action of heat, x-rays, and mitochondrial enzymes on the nucleopro- 
tein is mentioned. 

3. The protein component of this nucleoprotein is shown to be separable into 
an “occult protein” and an insoluble protein by the action of hot HCl. 

4. The occult protein resembles histone and the unfractionated protein con- 
ponent of the desoxyribonucleoprotein, but cannot be unaltered histone. 

5. A systematic enzymatic degradation of the nucleoprotein is described 
with subsequent separation of the products by electrophoresis. Evidence is 
presented showing that complexes containing both nucleotides and amino 
acids can be isolated by this procedure, which may represent regions of the 
original desoxyribonucleoprotein molecule that include points of attachment 
of DNA to the protein component. 

6. The possible relationship of the desoxyribonucleoprotein to chromosomal 
structure is discussed. 
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A PROGRESSIVE REACTION OCCURRING WITH A 
RADIOACTIVE HEMOLYSIN, SODIUM OLEATE-I"™* 


By ERIC PONDER anp RUTH V. PONDER 
(From The Nassau Hospital, Mineola, New York) 


(Received for publication, June 20, 1957) 


ABSTRACT 


Sodium oleate reacts progressively with human red cells at pH 7. By progressive is 
meant a reaction which is not adequately described as reversible or irreversible; such 
reactions cannot be stopped once they are under way, and are probably associated 
with a more or less stable “internal” lysin phase at the cell surfaces. The uptake of the 
lysin and the effect of dilution on the uptake can be studied by converting sodium 
oleate into the radioactive form, sodium oleate-I™. The uptake is a parabolic function 
of the lysin initially present in the system, and the effect of a tenfold dilution of sys- 
tems in which red cells have remained in contact with the lysin for 2 minutes is to 
reduce the lysin taken up at the cell surfaces twofold. The lysin rapidly forms a rela- 
tively stable layer at the cell interfaces, and this layer is little affected by the dilution 
of the system as a whole. 


Technique 


Two preparations of the hemolysin are required, Na oleate and Na oleate-I™ 
Hoffman, 1953). The first is made by adding 5 ml. of u/10 NaOH to 0.16 ml. of 
leic acid and heating to about 60°C. for about 5 minutes; this gives m/10 sodium 
leate, which can be diluted to m/1000 with 0.1 m phosphate buffer (pH 6, 7, and 8). 

The preparation of Na oleate-I"™ involves first the iodination of oleic acid with 
I". To 25 ml. ether is added 0.1 ml. F'* (about 0.25 mc.), then a drop of concentrated 
HNOs, and, after shaking, 0.16 ml. of oleic acid. The mixture is agitated and allowed 
to stand overnight. The ether layer containing the iodinated oleic acid is washed four 
times with 10 per cent Na2S,O3, then four times with 10 per cent KI, and finally 
twice with water. The ether is dried off, and 5 ml. of u/10 NaOH is added to the syrupy 
material which remains. The final material is diluted 1 in 10 with 0.1 molar phos- 


phate buffer, and a hemolytic titration shows it to correspond to about m/40 Na 
oleate-I™™, 


The Na oleate and the Na oleate-I™ were added in powers of 2 and in a quantity 
0.8 ml. to 0.2 ml. of a thrice washed human red cell suspension of a volume con- 
centration of 0.1. The amount of lysis after various periods of time was observed in 
the usual way. At the same time, 0.9 ml. of the lysin, diluted by powers of 2, was set 


; This investigation was carried out under a grant, H 1598, from the United States 
Public Health Service. 
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up as a series of controls. As soon as possible, 0.5 ml. of the supernatant fluid of the 
systems containing lysin and red cells was counted in a scintillation counter and com- 
pared with 0.5 ml. of the cell-free controls (Ponder and Ponder, 1954). The latter 
always giving higher c.p.m. than the former, the difference minus background mes. 
ures the fractional amount of the lysin present in the system under consideration 
which has been taken up at the red cell surfaces. These measurements are reliable 
only in systems which do not show hemolysis, since the separation of ghosts from 
intact red cells at present presents insuperable difficulties; the measurements ar: 
accordingly confined to systems which contain the lysin in a concentration of 75 
y/ml. or less. 





iL i i i i i iL i 
10 20 30 40 50 60 70 80y/mi.C, 

Fic. 1. Ordinate A, the quantity of Na oleate-I™ taken up by 2.5 times 10° human 
red cells at pH 7. Abscissa ¢,, the quantity of lysin present in the system initially 
Both c, and A are in y per milliliter. The figures opposite each experimental point 
refer to the power of 2 to which the original preparation of Na oleate-I™ is diluted 





The effect of diluting the system tenfold on the quantity of lysin taken up at the 
red cell surfaces was found by diluting both a hemolytic system and its corresponding 
control after the lysin had been in contact with the cells of the former for 2 minutes 
After standing for 2 hours, the tube containing the diluted lysin plus cells was cen- 
trifuged, and the radioactivity in its supernatant fluid compared with that in the 
cell-free control. Again, these measurements were made only in systems, and corre- 
sponding controls, in which the concentration of lysin was 75 y/ml. of less; under these 
circumstances P, is always virtually zero. 


1. The Uptake of Na Oleate-I™ by Red Cells 


Preliminary experiments show that Na oleate-I'*' acts progressively (set 
Ponder and Cox, 1952) on human red cells (2.5 X 10* per system of volume 
1 ml.) at pH 7 rather than at pH 6 or 8, although the activity of the lysin at 
pH 6 or 8 is greater than it is at pH 7 (phosphate buffers). As a result, the 
uptake of the lysin and the nature of the progressive reaction will be studied 
at pH 7 almost exclusively. The technique has been described in the previous 
section. 

The first three columns of Table I show c, the quantity of lysin initially 
present in the system, c: , the quantity present in the supernatant fluid of the 
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system a short time (2 to 15 minutes) after the addition of the red cells, and 
ha the quantity taken up at the red cell surfaces. All these values are in y 
per milliliter. The results are shown graphically in Fig. 1, an additional point 
for ¢ = 75 y/ml. having been added; at greater values of c , and when the 
values of A, are above the curve, the systems show hemolysis. 


2. Effect of Diluting Systems in Which There Is U plake of Lysin, 
But No Hemolysis 
Table I (columns 4 and 5) shows the effect of a tenfold dilution of systems 
containing initial concentrations ¢, of Na oleate-I™, this lysin having been in 


contact with the red cells for 2 minutes before the systems were diluted, and 
the systems having been allowed to stand, with occasional mixing by inversion, 


TABLE I 








| 
“Tenacity” 








for 2 hours before the amounts of lysin in their supernatant fluids were com- 
pared by scintillation counting with the amounts in appropriate controls. 
The values for cs , the amount of lysin in the supernatant fluids in y per milli- 
liter, are always greater than the values for c2, and the values for A;, the 
amount attached to the red cells, are always less than A; . 

Finally, the last column of Table I gives values for the “tenacity” with 
which the lysin is held at the cell surfaces, despite the tenfold dilution. In 
systems in which there is no hemolysis, this is A;/A; , and is a direct measure 
of the extent to which the “internal” phase at the red cell surface undergoes 
dilution. It seems to be essentially the same for all values of c; tested. Obviously, 
the tenacity with which the lysin is held at the cell surfaces, despite the ten- 
fold dilution, has a relation to F, the extent to which the internal phase ap- 
pears to be diluted when the entire system is diluted tenfold; F = 1.0 means 
that there is no dilution of the internal phase and F = 10 means that the 
internal phase is diluted tenfold, as is the entire system (Ponder, 1953). If 
diluting the system tenfold results in no difference between A; and A;, the 
tenacity would be 1.0, whereas if A; were 0.14, , the tenacity would be 10.0. 
A tenacity of 2.0 accordingly corresponds, at least approximately, to a value 
ol F of 2.0, i.e. when the system as a whole is diluted tenfold, the internal 
phase is diluted only twofold. It follows from this that a system containing 
Na oleate is progressive, a simple test being that while 38 y/ml. of Na oleate- 
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I'* produces virtually no lysis at the end of 2 hours when it is added to the 
cells for 2 minutes and then diluted tenfold, complete lysis occurs in less than 
10 hours. If 3.8 y/ml. (i.e. one-tenth of 38 y/ml.) were added to the cells, 
there would be no lysis even after 24 hours. 

It should be emphasized that Py = 0 in all these systems, and that investiga. 
tions into what would happen if Po were to be allowed to increase to 10, 2), 
etc. before the systems were diluted (the technique of Ponder, 1953) are no: 
possible because of the difficulties of separating red cells from ghosts in the 
supernatant fluid of partially hemolyzed systems. This may turn out to be a 
very serious objection to the general use of radioactive counting methods in 
systems containing red cells and their ghosts (Ponder and Ponder, 1956). 
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THE POSTSPIKE POSITIVITY OF UNMEDULLATED FIBERS OF 
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ABSTRACT 


lhe positivity following the spike in the action potential of unmedullated nerve 
dbers of dorsal root origin (d.r.C) has been shown to be homologous with the first 
positive potential (P,) of other varieties of nerve fibers. Thus it is only through the 
urge size of the positivity that this group of nerve fibers is set apart from other 
groups. New findings accentuate and make more explicit the difference of d.r.C 
fiber behavior from that of the sympathetic unmedullated fibers. 

Support of the conclusion is derived from re-examination of the A fibers as well 
1s from observations on the d.r.C fibers. 

Increase in size of the P,’s in a tetanus of the d.r.C fibers can occur if the fre- 
quency is high enough; and it does not occur in an A fiber tetanus if the frequency 
s low enough. Frequency is also critical in the obtainment of increasing P,’s in 
a tetanus of sympathetic C fibers. 

Decrease in the size of the P,’s in the course of a tetanus is attributable to devel- 
opment of the negative after-potential (N a-p). In rested d.r.C fibers the N a-p 
is latent. But it appears during a tetanus, develops in size, and after the tetanus 
leads to a long lasting and clearly defined second positive potential. 

\bsence of a supernormal period during the N a-p of the d.r.C fibers is accounted 
for 
\n analysis is made of the apparent increase in size of the spike elevations during 

a tetanus, for the two subgroups of the C fibers. 
rhe difference between the after-potentials of A fibers and of sympathetic C fibers 
s correlated with the shapes of the curves of cathodal electrotonus of these fibers. 


When the physiology of the unmedullated fibers of dorsal root origin was 
rst described, the fibers were classified as a subgroup (d.r.C) of the C fibers 
because of the unprecedented size of the positive deflections following the 
spikes. Some of the observations were so discordant with findings previously 
made on other fibers, that a way to an integral treatment of them was not 
apparent. It seemed to be unlikely that the behavior of one set of fibers would 
be completely divergent from that of all other fibers; therefore, the present 


experiments were undertaken. Not only was it found that additional informa- 
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tion was required about the d.r.C fibers, but also that gaps in the knowledge 
of the after-potentials of other fibers had to be filled in as well. 

At the time of the earlier search for what there is in common among the 
several sorts of nerve fibers recording of the nerve action was routinely carried 
out with external leads. Now that the employment of internal-external leads 
for giant axons has come into vogue description of methods, terminology, 
and interpretations must be considered in relation to the method of leading 
In all recording the changes in difference of potential between two electrodes 
are measured. The reference in this paper is exclusively to surface leading 
Ideally considered, an active electrode is on the normal surface and a passive 
electrode is in position at some distance distally, sufficiently beyond a block 
effected without depolarization so as not to be affected by electrotonic spread 
from the potential change behind the block. What is theoretically recorded 
thereby, is the potential difference between a changing and an unchanging 
point, that is, the change in the membrane potential at the proximal lead 
as subjected to the operating circuits in the nerve. For practical purposes 
a carefully applied cocaine block furnishes a satisfactory working approxi- 
mation to the theoretical ideal. There is, however, a residual difficulty: a false 
lead generated when the spike is creating a sink in the stretch between the two 
electrodes. It will be called the interlead artifact; and it will be left without 
further description as it enters into the interpretation of spike recording 
rather than of after-potential recording. 

A diagram of the sort proposed in 1935 is still serviceable for outlining an 
hypothesis for intergrating the experimental findings later to be presented. 
The action potential is conceived as composed of two parts: a spike and an 
after-potential, only loosely related to each other as the after-potential can 
vary without concurrence of a spike change. In the absence of stress condi- 
tions the spike displays constancy of size and duration. On the other hand 
the after-potential is highly labile. It varies with the degree of nerve activity 
and within a range of nerve states which may be considered normal or close 
to normal. The after-potential starts with a negative after-potential (N a-p 
and is continued by a positive after-potential. With changes in size and dura- 
tion of the N a-p the ensuing positive potential undergoes related changes 
in the same parameters. For example, a large N a-p leads to a large positive 
after-potential. From the relationship comes the notion that the negativity 
and subsequent positivity reveal a temporal sequence in a single process. 
After activity the ultimate restoration of the initial membrane potential 
value is from the positive side. 

Presumably the spike has an ending and the N a-p a start, neither of which 
can be defined with certainty. Also with indefinite start, another positivity 
has to be considered to account for the total configuration of the action poten- 
tial. It cuts into the N a-p without having any apparent relation with It 
Whatever linkage it may have would better be referred to the spike. Ambi- 
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guity is an inevitable result of trying to untangle parts, unknown in isolation 
and seen in algebraic sum in the action potential, from observations on how 
parts of the sum vary mutually. But this unsatisfactory methodology has to 
be faced as the only one at present available. Inasmuch as after a tetanus 
both positivities often become larger and more prominent, and since they are 
unrelated in origin and merge with each other in a way that cannot be inter- 
preted as a continuous curve, the positive after-potential has since the earliest 
observations been described in two parts: first positive potential, P;, and second 
positive potential, P2. The designations are at least usefu' for pointing to the 
appearances in the action potential. 

Systematic correlation of the parts of the action potential and of the polari- 
zation potentials with the membrane potential was a major contribution by 
Lorente de N6 (a). The membrane potential was conceived as built up of two 
principal fractions of which the first and largest was called the Q (quick) frac- 
tion. Alteration of this fraction produces the spike; and fast electrotonus is 
the expression of its modification by externally applied currents. Under well 
known conditions the membrane potential is augmented by addition to the 
() fraction of a second fraction, variable in its amount and labile in its behavior: 
the L (labile) fraction. To variations in the magnitude of the latter are attrib- 
utable the negative to positive after-potential sequence and slow electrotonus. 
In reaction to the decrease of L, during and immediately after a tetanus, L 
becomes transiently larger than in the resting state. Thus P» is formed. In 
order to explain P, there was invoked a reaction in a third fraction, M, a frac- 
tion originally set up to explain some details of behavior of the electrotonic 
potentials in frog nerve. Manifestations, in experiments on mammalian nerve, 
attributable to an M fraction involved producing a highly abnormal state of 
the nerve. As the author has personally derived no information indicating an 
intervening process no need will be left unsatisfied if P, be considered in direct 
sequence with the spike. Disregard of an intervening process does not imply 
a prejudice, one way or the other, about its existence. Room is left for reinser- 
tion whenever findings may make the simplified view inadequate. 

While much light is shed on the constitution of the action potential by the 
Lorente de N6 formulation, the latter has its own terminology; and terminology 
carries its theoretical implications with it. In order to keep the following pre- 
sentation as close as possible to a descriptive level the older original designa- 
tions will be continued because they carry with them a smaller load of theory. 
It would be desirable to have no load at all; but a residue of theory inevitably 
clings to the methodology imposed for the solution of the problem. We shall 
continue to speak of a spike process and an after-potential process. Their 
degree of independence has always been as great as that of the Q and L frac- 


tions; and the expressions are free from all the details of theory associated 
with the fractions. 


A redrawing of the diagram representing the working hypothesis is given 
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in Fig. 1, 4. While the purpose of the diagram is to present a scheme, varis. 
tions of which will account for all the sorts of nerve fibers as particular cases 
the drawing is adjusted in its temporal dimensions to the phrenic nerve of }| 


cat, as observed at 38°C. Divergence between the effects of the spike and {| 


¢ 


after-potential processes appears early in nerve action. Tests made immediate) 
after a spike bring out the difference. The phrenic nerve was selected for th 
tests on account of its single spike elevation and its well developed after. 


potential. A curve showing the ability of a nerve to produce a second spike, 


when a second strong shock is applied, is quite different from a curve out- 








8 

Fic. 1. A, a redrawing in the tempo of the phrenic nerve at 38°C. of an older hy 
pothetical diagram depicting the action potential as determined by the interpla 
of two components. B, curves, over 10 msec., comparing the course of the relativ: 
refractory period, measured with maximal spikes, and the course of the excitability 
measured with threshold shocks. Phrenic nerve, composite from four experiments 
Conditioning and testing shocks through separate electrodes. Ordinates, per cent 
of the control unconditioned response. The scale of the lower curve (refractory period 
is on the left and is ten times as great as that for the excitability, on the right. Th 
greater sensitivity of the excitability determinations necessitates a smaller scal 
the interest of economy of space in reproduction. 


lining the excitability determined by threshold shocks. In the determination 
of the former the spike process must be dominant, in the latter the after- 
potential process. The contrast between the two curves is illustrated in Fig 
1, B. In the course of the relatively refractory period the spike height rises 
rapidly for some 3 msec. then approaches full height more slowly. Before 1! 
msec. deviations from 100 per cent approach the experimental error; but ther: 
is usually a deficit in height measurable in a fraction of a per cent. Thereafter 
the curve tends to hug the 100 per cent line, though in many experiments 
there is a definable increase in the height of the spike during P;, again meas 
ured in fractions of a per cent. Amplification of the spike permissible in spikt 
height measurements is too low for a satisfactory demonstration of Pi. The 
excitability curve does not reach its maximum until about 3 msec. Althoug! 
earlier the N a-p is much larger the recovery of the spike process must affect 
the readings. After the curve crosses the 100 per cent line the influence of the 
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inant in the dual determination of the curve. After the maxi- 
<citability falls with the N a-p and becomes subnormal during P). 

gram (Fig. 1, A) the spike ending is drawn with the curve of re- 

he spike height in view. The spike is conceived as falling rapidly 

permit a maximum in the excitability curve at 3 msec., then to 

ng a gradual course into P;. Owing to absence of information about 

e earliest portion of the N a-p, the graph of the latter starts at a time when 
e N a-p has become overt in action potential records. The negativity is 
1 a duration sufficient to permit on occasion the appearance of N 

after P;, as in Figs. 3 and 6. In order to represent the P2: into which the 
isses the scale had to be exaggerated, as P2, though readily visualized 


ization, is too small to be visible in records of single responses of A 


tion of the postspike positivity of the d.r.C action potential to the 

priate position among the manifestations in the action potentials of other 

of nerve fibers depends upon an analysis of the changes taking place in 

irse of tetani. As both of the positive components of the action poten- 

must represent membrane hyperpolarization, the possibility of translating 

e terminology describing the parts of the action potential into terms of 

nce to the membrane potential was considered, then abandoned. If 

he positive after-potentials were to be described as hyperpolarizations, in 

interest of economy in description one should be able to describe the spike 

i depolarization. According to the findings from external-internal leads in 

axons, often confirmed since the original descriptions of Hodgkin and 

xley and of Curtis and Cole, during the passage of the spike the membrane 
re than depolarized. Its potential is reversed. 

\ summary of the terminology used in the descriptions in this paper is as 

ws. Zero potential, seen in the records at the position of the starting base 

ne, is defined as the level yielded by the electrodes when in contact with well 

rested nerve. During activity an upward deflection denotes a change to nega- 

tivity at the active electrode, and a downward deflection a positivity. Differ- 

tiation of the parts of the positive after-potential will be continued with 

the letters P; and Py. P2 as a sequela of the negative after-potential has its 

nterpart in Lorente de N6’s L fraction description. P; is treated as though 

mtinuous with the spike. The author agrees with Lorente de NO that it is 


(a fluctuation taking place in the L fraction. At the end of this paper what 


he d 


r.C hbers was non-commitally designated as the postspike positivity 
1950) will be identified with what had been called P; in other fibers. 
€ propriety all the P;’s could be called postspike positivities. In 


Lasser, 

\ ++ en: 
they could be contrasted with P2’s, as post N a-p positivities. 

lhe nerve chamber was surrounded by a temperature-controlled outer 

| equipped for a continuous flow of preheated and prehumidified oxygen 
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containing 5 per cent of COs, and with a trough for liquid paraffin-pre-equilil; 


with the same gas mixture. After the assembly had reached the desired temperatur 


the nerve was placed on the electrodes and a tiny ball of cotton containing cv 

placed on the distal lead. The nerve was kept in the gas until monophasicity, tes 
on the A fibers, was proved to be satisfactory. Usually one-half hour was ‘Sen 
for this stage. Then, without opening the chamber, the oil bath was elevated y 
the nerve'was submerged in the oil. Recording was not started until the temperat 
had been in a steady state long enough for assurance that no change would : 
place during a series of experiments. Amplification was always D.c. and differen: 


Fic. 2. Upper, cat peroneal nerve. A fiber tetanus, 2.1 sec. at 400 per sec 
(conduction distance) 12 mm. l.d. (distance between leading electrodes) 23 n 
ST2C. 

Lower, cat saphenous nerve. C fiber tetanus, 2.5 sec. at 10 per sec. c.d. 30 n 
Ld. 25 mm. 37.5°C. 


The stimulating cathode was grounded and the shocks were square waves of k! 
duration and voltage. For C fibers the duration was usually 0.5 msec. and the streng 
15 to 20 volts. 

For the study of after-potentials, particularly those of C fibers, the nerves m 
be in first class condition. And for attainment of that end the method is not 
Considerable time is lost in establishing the conditions necessary for experim 
tion. One condition is an unchanging obliteration of a lead from the distal elect 
For its production cocaine is still the preferred agent and cocaine actio! 
all of its action time is not a net loss. Transfer of the nerve from the 
nerve chamber, no matter how rapid, produces a change for which rest: 
gas mixture is required. The minute ball of cotton is used to offset the 
cocaine in oil. The ball is held in a loop on the distal electrode to prev: 
of the cocaine, and its size and the distance between the leads are adjust 
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fects. In the final steps of preparation the distal lead is moved slightly 

ut opening of the nerve chamber) to insure that the block is proximal 
.d that there can be no electrotonic spread for the blocked impulses. Other 

posed are prevention of drying and a steady base line. These necessitate 

\fter all the conditions are fulfilled the nerve usually remains in first 
or an hour or more. With experience the beginning of deterioration can 
is small changes in the behavior of the after-potentials. When they appear 
tion is discarded. 


Solution of the specific problem demands a survey of the action 

as a whole. If the hypothesis be entertained that the d.r.C_ post- 

positivity is a representation of P), one would expect to find a P»2 from 

ould be differentiated. And if there is a P2, where is the antecedent 
ifter-potential ? 


introduction to a comparison, records of two tetani are placed to- 
) 


vether in Fig. 2: one of peroneal A fibers, and one of saphenous C fibers. The 
eroneal tetanus is selected! because it shows clearly the two post-tetanic 
positivities. Immediately after the tetanus there is a sharply defined P,. It 
s succeeded by the N a-p, augmented by the tetanus; and the latter in turn 
ds to the start of Ps. In common with the peroneal tetanus the saphenous 
r.C tetanus shows a positive notch at the end; and the latter is sharply 
eeded by a long second positivity. 
Frequency on the Increase of P, in A fibers.—From the d.r.C record 
2 it is apparent that the postspike positivity was decreasing in the 
the tetanus. Pj, originally defined for A fibers, was described as 
reasing during a tetanus. Re-examination of the subject brought out the 
nportance of the repetition frequency on the mode of behavior. In the low 
“quency tetanus, 17 per sec., depicted in Fig. 3 for the A fibers in a saphe- 
is nerve, P; progressively decreased. Any tendency of P; to increase was 


{ 
Irse Ol 


erpowered by a growing N a-p, which revealed itself in a negative hump 
iter the end of the tetanus. 

When the responses are caused to occur in faster sequence, the size of the 
positivity at the end of a train is effectively increased (Fig. 4). In order 
show how frequency affects the growth of P; it is necessary to obtain records 


at the intervening durations. In the graph of Fig. 5 each dot shows 


of P, when the tetanus was terminated at that point. The graph 


selection here and in other records is to illustrate a point. Owing to the 
of after-potentials, post-tetanic after-potentials, produced by changes 
cesses with different origin, can manifest considerable variation in con 
even in experiments with the same intended specifications. All the varia- 
e considered to be within the range of normal, and are interpretable in 
degree to which the components of a single set of basic factors enter 
ture obtained 
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shows, in addition to the dependence of the maximum attained 
quency, that the growth takes place rapidly at the beginning of t/ 
In longer tetani the level may rise again in the algebraic summing wit} 
growing N a-p. 
Fic. 3 
=. 


} 
j 


t i | 
' 1 
i ' | 


ynnnunl 


\ 
\\ | } \ 14) 100/sec 
NAA 








Fic. 4 Fic. 5 


Fic. 3. Cat saphenous nerve. A fiber tetanus, 0.5 sec. at 17 per sec. c.d. I 
ld. 23 mm. 37.5°C. 

Fic. +. Cat phrenic nerve, A fibers. Single response and tetani, 0.1 se¢ 
frequencies. The spikes maintained a constant height in the tetani at 100 and 
per sec.; reduced 3.9 per cent at end of tetanus at 300 per sec. c.d. 11 mm 
mm. 3&C. 

Fic. 5. Cat phrenic nerve, A fibers. Effect of frequency on the growth of 
a 0.1 sec. tetanus. Ordinates, P; sizes in arbitrary units. Tetani terminated at t! 
times marked by the dots yielded the sizes. The spikes maintained a constant height 
in the tetani at 40 and 100 per sec.; reduced respectively 3.2 and 4.9 per cent att 
ends of the 200 and 300 per sec. tetani. c.d. 9 mm. I.d. 22 mm. 38.1°C 


Growth of P, is shown in another way in Fig. 6. Records were made 
single responses, and of trains of 2, 3, and more. Prints were made on fin 
the base lines scratched in, the prints superimposed on these base lines, a! 
prints made on paper through the pile. The lines reaching the tops of th 
records were made by the N a-p’s. Cutting into the N a-p’s by the 
P,’s causes the times at which the N a-p lines cross the base line | 
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er sec., in spite of the fact the third response started 10 msec. later 
rst response, the time of the third P; maximum is not measurably 
the first; and the first three N a-p’s cross above the base line. These 
y increasing slopes of the N a-p’s do not reveal the deportment of 
ve after-potential process. For there is clear evidence that the N a-p 


100/sec 


200/ sec. 


» \ 


10 msec. 


PPL PRR AREREREEDEDE AEE 


Cat saphenous nerve, A fibers. Figure made from registered prints on film 
[ pper, superimposed records of one, two, three, and eight responses at 
Lower, superimposed records of one, two, three, and seventeen responses 


~ 


sec. Spikes maintained constant height. c.d. 12 mm. L.d. 29 mm. 37.4°C. 


progressively getting larger, as after the 0.08 sec. tetanus a clear negativity 
ppears after the terminal P). 
ndependence of P; from the N a-p is supported by the reverse correlate, 
e dependence on the size of P, of the time at which the N a-p ceases to 
ras negative. When responses are obtained in pairs at various intervals, 
gs can be made of the sizes of the first and second P,’s in relation to 
es at which the two N a-p’s reach the base line. Graphs of the two sets 


gs have a similar form (Fig. 7). The second P; becomes larger than 
e, even when it starts in the period in which the recovery of respon- 
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siveness is incomplete,—which incidentally calls attention to the close tela. 
tionship between P; and the spike. P; reaches a maximum at an interval 
2 msec., then gradually decreases as the intervals are made longer, As P 
decreases, the N a-p times concomitantly lengthen. 

Positive After-Potentials in Sympathetic C Fibers.—A difference from 4 
fiber behavior enters into that of sympathetic C (s.C) fibers during a tetanys 
The positive after-potentials are dominanted by the P»’s following large \ 
a-p’s, in such a way that P, is obscured and its duration is not susceptible 
accurate measurement. In the tetanus of the hypogastric nerve at 5 per se 
shown in Fig. 8, P2 positivity is increasing; and there is no visible P;. Many 
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Fic. 7. Cat saphenous nerve, A fibers. Correlation between the size of P, and th 
time at which the N a-p crosses the base line. Readings obtained from single re- 
sponses and second responses at the intervals indicated on the abscissae. Dotted 
line, P; sizes registered in arbitrary units on ordinate at left. Open circles, N a-p 
times on ordinate at right. At interval 0.5 msec., second spike 52 per cent of the first 
at 1 msec., 86 per cent; at 2 msec., 100 per cent. c.d. 14 mm. Ld. 30 mm. 37.8°C 


of the special features of a hypogastric tetanus can be seen in Fig. 9, in whic! 
the crests of the spikes are visible. The increasing length of the heavy white 
lines at the base of the spikes shows the increase of the N a-p’s. On the last 
response there is a notably high ratio of the N a-p to the total spike height 
and following the tetanus there is a large Po, at the beginning of which a P 
notch has appeared. 

An accounting for the special features of a tetanus of s.C fibers can be derived 
from the composition of the membrane potential. From experiments on the 
superior cervical ganglion of the turtle Laporte and Lorente de No deduced 
the existence of a large L fraction in the composition of the C fiber membrant 
potential. In order to bring out the difference between A and s.C fibers, exper 
ments were made for comparison of the ratios of the slow electrotonus Wil! 
the fast electrotonus in subrheobasic cathodal polarizations. As the ratio |s 
known to vary with the distance from the cathode, corresponding distances 
must be selected. For instance, the comparisons could be made at the char- 
acteristic lengths for the fast electrotonus. But, as the latter were found dith- 
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rmine with accuracy, and since the differential was well illustrated 
‘ximal lead in contact with the cathode, contact leads were em- 


splanchnic nerve of the bullfrog is a good example of a nerve 


lominance of C fibers. When its polarization curve is compared 
rom the sciatic nerve of R. pipiens, there is no mistaking of the 
s component of slow electrotonus is much larger in relation to the 


Fic. 8 


ApbbbbbbbhLALLLLLLLLL Lh) 


Fic. 9 

hypogastric nerve. After-potentials in a sequence of five responses at 

lhe small notch in the early part of the first response is caused by an inter 
c.d. 10 mm. Ld. 8 mm. 37.5°C. 


Cat hypogastric nerve. 8.5 sec. tetanus at 10 per sec. c.d. 9 mm. |.d. 6 mm. 


rotonus then it is in the sciatic nerve (Fig. 10). For the hypogastric 
he cat, in spite of its content of B fibers, the same relationship is 
hen its polarization curve is compared with one of the saphenous 
10). 
sistent with the relatively large slow electrotonus that the negative 
tial and the ensuing positivity should be large. Conversely, it may 
that with the relatively smaller fast electrotonus, P; in someway 
th it would be proportionally less prominent. Though less promi- 
ehaves as in other nerves. It is augmented most by responses at 
ervals. In Fig. 11 it can be seen how its size following a single response 
when two responses occur at an interval of 10 msec. After nine 
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responses at 10 msec. intervals it is still larger; but at this tetanus durat 
the negative after-potential has already become so large that it introdyces 
a convexity into the post-tetanic positivity clearly marking the start of a | 

[t would be instructive to have an electrotonus curve for d.r.C fibers. | 
no nerve is known from which it can be obtained. It must be different {; 
that of the s.C fibers, as can be deduced from the behavior of the d.r.C fibers 
which will now be presented. 


Can d.r.C Postspike Positivity Be Interpreted as P,?—From the foregoi 


Tobtoh bho 


ae 


100 msec. 
al 


a\ 


Splanchnic Hy pogastric 


100 msec 


Fic. 10. Electrotonus curves. Subrheobasic cathodal polarizations, recorded with 
proximal lead in contact with the cathode. 5 per cent COs. Upper records, A fibers 
lower records, C fibers. Frog A, R. pipiens. 25°C. Bullfrog splanchnic, 23.5°C. C 
saphenous, 37.3°C. Cat hypogastric, 37.8°C. 


survey it follows that the rate of growth of P, during a tetanus depends upo 
the frequency. The P, of A fibers may not get larger during a low frequenc) 
tetanus, so the usually found decrease in size of the d.r.C postspike positivities 
does not rule out a P; interpretation if frequencies can be found at which the 
positivity increases. Therefore d.r.C tetani were performed at high frequencies 
Since d.r.C responses are always recorded on the A after-potentials as a bas 
line, special measures had to be taken in behalf of the base line. As the size 
of the positivity can only be determined at the end of a tetanus, for eac! 
frequency a single response was recorded and tetani with two, three, or mor 
components. To obtain the base lines corresponding A tetani were recorded 
after reducing the shocks to strengths subliminal for C fibers. Superimpositio! 
of film prints of the d.r.C records and their base lines then permitted measure- 
ments. Some examples from the series are shown in Fig. 12. A broader surve) 
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ed in Table I. It is clear that there is an increase of the postspike 
es at the higher frequencies, and that on a second response the posi- 
; the more increased the shorter the interval. Conformity with P; 
behav r is thereby identified. The increase may be continued into later re- 
sponses. However, at some stage a decrease will begin. A maximum at 75 
ner sec. is to be noted at the third response; at 20 per sec. where there is no 
ncrease on the second response, there is actually a decrease on the third. 
Twenty per second is still a high frequency for d.r.C fibers; and the original 








20 msec 


Fic. 11. Cat hypogastric nerve. Tetani at 100 per sec. From tetani with an in- 
reasing number of components three have been selected for illustration. Upper, 
th film prints, as in Fig. 6, two responses have been superimposed on a single 


response. Amplification too large for spikes to be seen. Early small notches, inter- 


rtifacts. Lower, tetanus with nine components. c.d. 10 mm. L.d. 8 mm. 37.6°C. 


mpression that the postspike positivity decreases during a tetanus is ac- 
yunted for. 

[wo factors contribute to reduction of postspike positivity. Spikes evoked 
when the hyperpolarization is already high are unable to produce much ad- 
litional positive reaction. This state is seen in early tetani at high frequency; 
ind its discussion will be referred forward to a consideration of the apparent 
spike height. The other, of an entirely different origin, is best seen in longer 
‘etam: at lower frequencies. Although there is no apparent N a-p in single 
responses of rested nerve, one potentially may be present and augment in 
size during a tetanus. This hypothesis will now be examined. 

Fig. 13 shows specimens from tetani at several frequencies and durations, 
recorded at speeds permitting the changes taking place to be visualized. What 

ippens as the P, level rises, is that it is filled in from the beginning of the 
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complex by something producing negativity, so that at the end of the tetany: 
the more slowly conducted elevations may start above the level of the ma 


component. If this negativity be considered to be a N a-p, the absence 


10 msec. 











Fic. 12. Cat saphenous nerve, d.r.C fibers. Film prints of C fibers on corresponding 
A fiber base lines (see text). Print 1 shows a single response. The other responses 
are in pairs, except print 3 which records four responses. The intervals between t! 
responses are marked on the records. 38.1°C. 


TABLE I 
Saphenous C Post-S pike Positivities in Tetani 


Per cent increase over a single response at the end of tetani wit! 


components listed 


supernormality must be explained. It can be, on the basis that in spite of the 
change the fibers are still in a hyperpolarized state. When the nerve }s Con- 


os . . . — 
ditioned by such brutal tetani as presented in the 1950 paper, tests made 
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tetanic period are made on depolarized nerve; but there another 
entered. 

Levin described in fatigued (or depolarized) nerve a “retention 
irrent.”” This postspike negativity should not be confused with the 


tive after-potential. Retention is caused by a terminal slow restoration 


spike potential. The N a-p is produced by a decrease in the labile compo- 
e membrane potential with the result that the threshold is higher, 
.ed in the control on rested nerve with a high membrane potential, 


— ” , 25 msec. 


i ai peeaeeaeeaaat 
AJ =e dl eww 
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50 msec 


| a, ee, ee, ee, ee, 


13. Cat saphenous nerves, d.r.C fibers. 1, 20 sec. tetanus at 5 per sec. Samples 

start, at 10 sec., and at end. c.d. 30 mm. |.d. 28 mm. 37.2°C. 2, 10 sec. tetanus at 

‘ per sec. Samples at start, at 2 sec., at 6 sec., and at end. c.d. 30 mm. |.d. 24 mm. 
7.2°C. 3, 10 sec. tetanus at 10 per sec. Samples at start, at 5 sec., and at end. c.d. 
‘) mm. |.d. 24 mm. 37.7°C .The position of the base line is in constant relationship 


time line in 1 and 2. In 3, a reference line has been inscribed. 


in it is when tested during the decrease of the membrane potential occa- 
sioned by the N a-p. Long lasting negativity after a tetanus means failure of 
restoration of the spike potential. In this state thresholds are high and the 
on times of the spikes are increased (Lorente de N6 (6)). When a 
hreshold is determined in such a state, it would be expected that 
negativity following a conditioning spike would raise the threshold 

lore, rather than decrease it. The spikes are delayed during the pro- 
negativity following a severe d.r.C tetanus. Therefore, the nerve is 
ondition in which demonstration of supernormality would be antic- 


riginal reservations against calling the d.r.C postspike positivity a 
w been removed; and that designation will henceforth be applied. 
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Scrutiny of Fig. 13 shows that, although the curve determined by the }, 


toms of the P;’s is rising, the curve of the points at which the main C ele 
; ele 


tions start from the A after-potentials is falling. An accounting for the latte; 
course must be derived fro . the C fibers, as the A fibers have nothing 


; 
LO 


Fic. 14 


Fic. 15 


Fic. 14. Cat saphenous nerve, d.r.C fibers. A single response and the fourt! 
sponse of a 40 per sec. tetanus are mounted on the same base line. c.d. 30 mn 
21 mm. 38.1°C. 

Fic. 15. Cat saphenous nerve, d.r.C fibers. Tetanus at 50 per sec. Three film prints 
have been superimposed on the starting base line, a single response and tetani Wi! 
two and four responses. Above the second response can be seen its position in a tht 
response tetanus. c.d. 30 mm. 38.1°C. 


with it. The positivity of the line at the end of the tetanus (especially ol te! 
nus 3) indicates that P2 is developing. The level of start of the second ' 
response is determined by the frequency. From then on further fall in the | 
tion of the starting points may well mean that after each increm¢ 

tive after-potential there follows an increment of Py». In the converse 
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ts large, the N a-p’s get large,—a rule which generally holds for 

rs. A similar situation is seen even more strikingly in the tetanus 

with the added feature that at the end of the tetanus the negative 

are beginning to overbalance the P. accumulation and the starts 

he C’s begin to rise. Fig. 17 shows the beginning of the P, period. At the 
record the P. value was 40 microvolts. Two minutes after the tetanus 


potential was still positive, although there was a very slight drift in 


rection of negativity. 
luration of the positivity following a tetanus, as in other fibers, depends 


e frequency and duration of the tetanus. Beyond the fact that it lasts a 


ee 


16. Cat hypogastric nerve. Antecedent tetanus of the nerve supplying Fig 
iration and frequency, but recorded at a faster film speed. The start and 
tetanus have been mounted on their common base line. The tops of the 


spikes have been retouched. 


its duration cannot be given. D. c. stability to a few microvolts over 
period would be necessary, a stability which our technique cannot 
bably on account of small changes at the lead beyond the cocaine 
is the drift is more that of the amplifier. It is impractical to repeat tetani 
s than 15 min. intervals. Other than about its duration some statements 
e post-tetanic after-potential can be made. The positivity is not de- 
by a simple decremental curve. There is regularly a discontinuity caused 
erminal P, as in Figs. 2 and 17. Another feature is that even when the 
is is driven to post-tetanic negativity subsequent positivity follows, and 

of the membrane potential is ultimately from the positive side. 
bparent Height of the Spikes During a Tetanus.—The term “‘apparent”’ 
ause the reference is not to unit spikes, but to a dispersed system. 
dispersion increases with the conduction distance. At a given distance 
marked for fibers of different and low velocities than it is for fibers 
same velocity differential and high velocities. A long conduction dis- 

be selected for clearance of the A fibers by the C fibers. 
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Two unrelated features of d.r.C fiber activity make for increase of the re. 
corded spike elevations. One has already been mentioned: that spikes evoke 
when P; hyperpolarization is already high are unable to produce much add 
tional P;. That feature will now be illustrated by two experiments on differen: 
nerves. Fig. 14 compares a single response with the fourth response in a tetany 
at 40 per sec. Although the fourth response starts far below the base line. thy 
maximal positivity reached is no greater than that of the single response whict 


starts above the base line. In Fig. 15, showing superimposed a single response 


Fic. 17. Cat saphenous nerve. 20 sec. C fiber tetanus at 7 per sec. Upper, samples 
at start, at 4 sec., at 14 sec., and at end. The base line is in constant relationship | 
the time line. Lower, end of the tetanus with start of the after-potentia!. The lev: 
of the starting base line has been inscribed. c.d. 30 mm. 37.4°C. 


and tetani with two and four responses at 50 per sec., it can be seen that as the 
spike starts descend the P; maxima (below the starts) decrease. On the first 
responses the P; reactions are so large that even within the compass of the mai! 
elevation the later units are recorded on a level positive to the earlier ones, as 
shown in greater detail in Fig. 16 of the 1950 paper. Subsequent elevations art 
recorded at more positive levels. As the P; reactions become less on responses 
after the first one, they have less effect. The spikes thus seem to become higher 
for the simple reason that they cease to be recorded on a very rapidly descen¢- 
ing base line. The relative positions of the elevations marked x in Fig. 14 are! 
be noted. 

The other feature of nerve activity in the production of enhancement of re 
corded spike elevations is the N a-p. Observations on this point began whe! 
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¢ became routine. In 1938 Gasser published a record showing in A 

s proper membrane potential relationship with a pretetanic control 

with a large N a-p set up during a post-tetanic Ps. In the same year 

ind Gasser made a similar observation on the hypogastric C fibers of 

d in addition demonstrated that concomitantly there was an increase 

§ the recorded spikes. In 1949 Lloyd found augmented spikes during 

the P. of tetanized dorsal root A fibers of the cat. We have recently looked for 

augmented spikes after a tetanus of the cat phrenic nerve. They are often 

present, but the increase is small. Measurements must be made with an accu- 

racy permitting detection of a 1 per cent increase or less. Recently Richie and 

Straub, from experiments on the cervical sympathetic nerve of rabbits, have 

emphasized the importance of the augmented N a-p in the production of in- 

canal height of the spike complex. And in their summary they state that there 

is no evidence of any large increase in the absolute size of the spike potential 
{ individual nerve fibers. 

When the striking difference between the post-tetanic augmentations of the 
spike in A and C fibers is considered at the same time as the difference between 
the electrotonic potential curves, that the N a-p may be instrumental is strongly 
suggested. Whenever there is a P2 hyperpolarization a spike is accompanied by 
in increased N a-p. Theoretically there should be some augmentation of the 
inconducted spike complex. To the spike proper there should be added what- 
ver there is of underlying N a-p. Although the author does not accept the 
assumption that the N a-p starts at a maximum there must be some N a-p 
under the spike. And the more there is the greater the addition. 

\long with the increasing N a-p’s in Fig. 9, previously mentioned, there is a 
ontinuous growth of the spike heights. Indeed, Fig. 9 shows in another way 
the same phenomenon illustrated by Richie and Straub in their Fig. 12. In 
der to bring out more details, the beginning and end of the previous tetanus 
f the nerve yielding Fig. 9, in which a tetanus of the same duration and fre- 
juency was recorded at a higher film speed, are reproduced in Fig. 16. From 
Figs. 9 and 16 it is clear that the spike crests are continuously descending. Ad- 
litions to the recorded height are from a level positive to the starting base line. 
In measuring the height of the spike complex one has to keep in mind that it is 
made up of two parts: the spike proper and the underlying N a-p. On the last 
response of the tetanus in Fig. 16 the N a-p is greatly increased over the one on 
the first response. Compared with the first spike the last spike, measured from 
s start, is increased. It is not so, measured from one-half the N a-p height; and 
( is decreased if measured from the point at which the N a-p becomes overt. 


ie trace Is so conventionally that of a spike in summation with the increased 


N a-p, regularly present in a P, hyperpolarization, that there is no indica- 
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during a tetanus, beginning with the 4 sec. segment has a notable resemblan,, 
to the s.C tetanus shown in Fig. 9. During the first 4 sec. the increasing N a-y’ 
reduce the P; deflections. After 4 sec. they appear in a position negative to the 
start of the response precisely in the same manner in which they do in the < 
fibers. If the line of the starts of the spikes be followed it will be seen that they 
descend up to 14 sec. due to the incrementing P». In the last 6 sec. the poten. 
tiality for addition of P, has passed its limit and the starts rise slightly. If reten- 
tion has already begun it is too small to prevent a positive after-potentia 


Throughout the tetanus the spike complexes progressively increase in heigh; 
At the end the main elevation was 2.3 times the height at the start. The other 
elevations also increased in height (not resolvable in the small dimensions oj 
the figure), and the late ones were carried up on the N a-p in the usual way 


DISCUSSION 

All the new information about the positive phase of the after-potential of the 
several sorts of nerve fibers, derived in the interest of interpreting the potentia! 
cycle of d.r.C fibers, supports the long held view that the positive after-potentia! 
is in two parts. The descriptions are presented in terms of membrane potentia! 
changes at a time when there is great interest among neurophysiologists in the 
ionic movements taking place during nerve activity. No contribution is made 
to this subject, beyond a clarification of the problem to be solved. It is actually 
two problems. The origins and behaviors of the two positive potentials, P; and 
P., are so different, that probably the ionic movements involved are not the 
same. At least, in the light of present information, in reasoning about a giver 
ionic movement, to which positive potential it applies is an indicated consid- 
eration. 
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ABSTRACT 


[he effect of current flow on the transmembrane action potential of single fibers 
ventricular muscle has been examined. Pulses of repolarizing current applied during 
the plateau of the action potential displace membrane potential much more than do 


ulses of depolarizing current. The application of sufficiently strong pulses of re- 


polarizing current initiates sustained repolarization which persists after the end of 
the pulse. This sustained repolarization appears to propagate throughout the length 
{ the fiber. Demonstration of propagated repolarization is made difficult by appear 
ince of break excitation at the end of the repolarizing pulse. The thresholds for sus- 
tained repolarization and break excitation are separated by reducing the concentration 
of Ca** in the environment of the fiber. In fibers in such an environment it is easier 
) demonstrate apparently propagated repolarization and also, by further increase 
i the strength of the repolarizing current, to demonstrate graded break excitation. 


INTRODUCTION 


Weidmann has shown that passage of repolarizing currents across the mem- 
brane of a single Purkinje fiber during the plateau of its action potential evokes 
all-or-nothing repolarization which is propagated for some distance (1). This 
propagated repolarization resembles propagated depolarization in at least two 
respects: it is all-or-none in nature and it has a threshold. There has been no 
definite evidence to indicate whether or not propagated repolarization occurs 
in any other tissue and in particular its existence in cardiac muscle has not been 
demonstrated. There is, however, some reason to suppose that the same phe- 
nomenon might take place in ventricular muscle since Biedermann (2, 3) 


showed long ago that anodal current pulses initiate propagated relaxation in 
the ventricle of frog and snail hearts. For these reasons we have examined the 
problem in cardiac muscle (4, 5) and by means of repolarizing current pulses 
have elicited in papillary muscles of dog and cat hearts repolarization which is 
regenerative and apparently propagated. 


lis work was aided in part by grants from the New York Heart Association and 
Insurance Medical Research Fund. 
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Methods 


Papillary muscles were obtained from the right ventricle of dog or cat hearts a 
maintained at 38°C. in constantly circulating Tyrode solution. This solution , 4s 
equilibrated with 95 per cent O2 and 5 per cent CO: and had the following compos 
tion in millimoles, liter: NaCl, 140; NaHCOs, 12.5; KCl, 2.7; CaCl, 2.7; NaH.po 
3.6, MgCls, 1.0; glucose, 5.5. In certain experiments the concentration of CaC| 
reduced to 0.68 mM/liter. Spontaneous activity was usually absent and the muy 
were driven at a regular rate by means of surface electrodes. A period of 2 hoy 
usually was allowed to elapse between isolation of the papillary muscle and the star 
of the test stimulation. During this interval mechanical activity decreased to so; 
extent (6) and use of intracellular microelectrodes was facilitated. 


The transmembrane potentials of single fibers were recorded by means of glas 
capillary microelectrodes (7) filled with 3 m KCl (8), conventional cathode follower 
and p.c. amplifiers, and a switched-beam oscilloscope (9). In most experiments 


differential record of the transmembrane potential was obtained by employing t 


microelectrodes, one inside and the other immediately outside the area of membrar 
under study. Careful adjustment of the position of the extracellular electrode ti 
ensured that the records showed the actual displacement of transmembrane potenti 
even during the passage of the stimulus current. Measurements made with sing! 
ended input are noted in the Results. Records of transmembrane potential wer 
calibrated by applying known voltages between the tissue bath and ground 

Two techniques were employed for membrane polarization. In one the papillar 
muscle was drawn part way into a plastic tunnel which connected two chambers ar 
allowed only a very small space around the muscle for flow of Tyrode solution (Fig 
1 A). Six small polarizing electrodes were located in the plastic tunnel; one or mor 
of these were connected to one pole of the current source and half of the tissue bat! 
to the other pole. The recording electrodes were located in the opposite half of th 
tissue bath. The other technique for polarization employed silver electrodes insulat 
by thick glass up to the tip. These electrodes were applied directly to the surface « 
the papillary muscle (Fig. 1 B). Stimulation of single fibers by means of intracellular 
microelectrodes was not employed because of the difficulty encountered in passing 
large, long duration current pulses. A resistance of 10 megohms was placed in series 
with the polarizing electrodes to ensure constant current output from the stimulator 


RESULTS 


The experimental results reported may for convenience be divided into three 
groups: (a) a comparison of the effects on membrane potential of depolarizing 
and repolarizing current pulses which were below the threshold for all-or- 
nothing repolarization and which were applied at various intervals during the 
action potential; (6) the effects on membrane potential of pulses of curren! 
which were applied early during the plateau and which lasted throughout most 
of or all of the action potential; and (c) the effect of short pulses of repolarizing 
current which were strong enough to evoke propagated repolarization. 

(a) Subthreshold Repolarizing Pulses.—Fig. 2 shows the effect on the men 
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tial of a single papillary muscle fiber of depolarizing and repolariz- 
pulses of 30 msec. duration. The depolarizing pulses were long 
permit the membrane potential to reach a reasonably steady level 
epolarizing pulses were well below the threshold for all-or-nothing 
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1. (A) Papillary muscle partially drawn into a narrow tunnel which connects 

iths. Polarization applied between an electrode in the left hand bath and one 

the electrodes in the tunnel. Recording made with microelectrodes at 

int of emergence of the muscle from the tunnel. Drive electrodes marked D. Test 

ectrodes marked T. 

B) Papillary muscle in single bath. Polarization applied through a pair of ex- 

ternal electrodes indicated by heavy lines. Recording with microelectrodes near one 
| the polarizing electrodes. Drive electrodes marked D. Test electrodes marked T. 


repolarization. It can be seen that the repolarization produced was regenera- 


‘ive in the sense that comparable current strengths displaced the membrane 


much more in the direction of repolarization than they did in the 
irection of depolarization. 


potentia 
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Fig. 3 shows the change in transmembrane potential resulting from curr 


pulses of equal strength and opposite polarity applied at various intervals 
during the action potential. In Fig. 3 A, B, and C, the repolarizing , urrent a 
well below the threshold for all-or-nothing repolarization and the displacemer 
of membrane potential toward the resting potential was greater than the dis. 


placement in the opposite direction. At the end of the polarizing pulses the ; 


Fic. 2. The effect of depolarizing and repolarizing pulses of 30 msec. durati 
on the action potential of a single fiber of papillary muscle. Time calibration, | 
msec. and 50 msec. Voltage calibration, 100 mv. 


tion potential resumed the same voltage-time course as the control. In Fig. 3 D 
however, both the repolarization and depolarization persisted after the e! 
of the pulse and caused shortening and lengthening of the action potent 
respectively. In Fig. 3 E the lengthening was more marked than the shortening 
while in Fig. 3 F the change in membrane potential during the repolanzing 
pulse was almost purely passive whereas the depolarizing current was follow: 
by a small local response. 

The effects of longer and stronger pulses are shown in Fig. 4. In this series 
the sustained shortening or prolongation could be seen even after the earlies 
pulses. The effect of the depolarizing pulse showed a steady progression: th 


later the pulse the longer and mor? marked was the prolongation of the act 
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Trent afi \fter the end of the repolarizing pulse, however, a new phenomenon 
vale npeared: the shortening of the action potential was more marked in Fig. 4 B 
t ce ‘han in 4 A, but it was less prominent again in Fig. 4 C. This was true in spite 
Mer 

e dis 

le a 

atic 

n, 

3p Fic. 3. The effect on membrane potential of repolarizing and depolarizing pulses 
el sec. duration and constant strength applied at different intervals during the 
nt tion potential. Time calibration, 100 msec. Voltage calibration, 100 mv 

ning 

izing t the fact that the membrane potential had been displaced somewhat more 
we luring the pulse in Fig. 4 C than in Fig. 4+ B. The explanation for this change 


citation evoked by the break of the pulse had begun to appear after 


| the pulse in Fig. 4 C and this break excitation wiped out the shorten- 
rlies ng of the action potential. The response evoked by the break of the pulse grew 
the vely larger as the pulse was applied later and eventually, in Fig. 4 E, 
ctl umed the appearance of a normal action potential elicited prior to the end 
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of repolarization (10). Although the effect of depolarizing pulses is not strict 
passive when long pulses are used it is still of interest to attempt to obt 
active change in membrane potential during a repolarizing pulse. ’ 


ain th e 
This resy); 


Fic. 4. The effect on membrane potential of depolarizing and repolarizing pulses 
of 70 msec. duration and constant strength applied at different intervals during th 
action potential. The pulses are both longer and stronger than those shown in Fig. 5 
Time calibration, 80 msec. Voltage calibration, 100 mv. 


may be regarded as at least an approximation to the active component of re- 
polarization contributed by changes in the membrane during passage of 4 re 
polarizing pulse. Fig. 5 shows the results of such a calculation made by sub- 
tracting the voltage change effected by a cathodal pulse from that 1 
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pulse of the same current strength. The applied pulses and the course 
on potential after the end of each pulse are shown by dotted lines. 


The normal action potential is shown by a solid line as is the active change con- 


‘ributed by the membrane. It is possible to continue the active change by a 
ine (das! es) which may be regarded as the path the repolarized action potential 
would have followed in the absence of break reexcitation. It seems that the 
active component of the induced repolarization follows a course similar to that 
of a normal action potential of short duration, such as that seen at high rates. 

b) The Effect of Longer Current Pulses.—The demonstration that sustained 











Fic. 5. The effect of a repolarizing pulse (3, dotted) and a depolarizing pulse (2, 
dotted) on the membrane potential of a single fiber of papillary muscle. The nor 
mal action potential is shown in a solid line (1) and the active change in membrane 
potential during the repolarizing pulse, obtained by subtracting from the change 
during the pulse the change seen with the depolarizing pulse, is shown by a solid 
line (4). The course of persistent recovery which would presumably have been seen 
n the absence of break excitation is shown by dashes. Time calibration, 100 msec. 
Voltage calibration, 100 mv. 


repolarization is induced by the current pulses and propagated throughout the 
muscle is extremely difficult because of the break excitation just described. 
For this reason very long pulses were employed with the hope of diminishing 
break excitation by postponing the break of the pulse. Fig. 6 A and B shows the 
effect of progressively lengthening depolarizing and repolarizing pulses when 
the current strength and make time were held constant. Again it can be seen 
that displacement of membrane potential in the direction of repolarization 
was much more marked than in the direction of depolarization. However, 
excitation evoked by the break of the pulse abolished sustained repolarization 
alter the end of the longer repolarizing pulses. Fig. 6 C simply shows a single 
pulse of each polarity. Fig. 6 D shows the effect of varying the strength of a 
repolarizing pulse of constant duration. The action potentials occurring on the 
break were larger when the strength of the repolarizing pulse was larger. 
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The effect of repolarizing pulses which lasted considerably longer th 


an tl} 
action potential is shown in Fig. 7. At the end of each of the pulses break ex. 
citation occurred but it is not seen on the record. This figure has two points oj 


special interest. First, although equal increments of current were employed th 
change in membrane voltage by no means increased in equal steps. Much less 
change resulted from the first two intensities than from the third and four! 


This is taken as further evidence for regenerative repolarization. Second, the 


Fic. 6. The effect on membrane potential of a long (100 msec.) repolarizing pulse 
(A) and depolarizing pulse (B) as a pulse of fixed make time is progressively length 
ened. The effect of a single pulse of each polarity is shown in C. The effect of varying 
the strength of a repolarizing pulse of fixed duration and fixed make time is show: 
in D. Time calibration, 10 msec. and 50 msec. Voltage calibration, 100 my 


change in membrane voltage which was observed during the action potential 
is very much greater than the change which is seen with the same current as 1! 
continues into diastole. In particular the shortening effected by strength 3 (in- 
dicated by arrow) is very large compared to the small hyperpolarization caused 
by the same pulse during diastole. This is taken as evidence that the change 
during the action potential is an active one and not merely a displacement 0! 
membrane potential analogous to hyperpolarization. The change shown in the 
figure is far greater than can be accounted for by the change in membrane 
resistance which is believed to occur during the transition from plateau (0 
diastolic membrane potential (11). 
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Effect of Short, Strong Pulses ——The observations presented up to 


ex. point offer support to the view that repolarizing current applied during the 
ts of tion 1 tial effects a change in membrane potential which is regenerative 
the nature. They do not, however, have much bearing on the question of propa- 
less tiot e existence of regenerative behavior is a prerequisite for propagation 

rt} 

the 

ulse 

gth 
ying iG. 7. The effect on the membrane potential of repolarizing pulses of duration 
owr er than the action potential and of different strengths. The trace indicated by 
w is discussed more fully in the text. Time calibration, 10 msec. and 50 msec. 

calibration, 100 mv. 

tla 
48 it it does not establish its existence. Fig. 8 shows the effect on membrane poten- 
in- i strong, moderately long repolarizing pulse applied early during the 
ised ileau of the action potential. The papillary muscle used in this experiment 
nge is 6.5 mm. in length. The record in Fig. 8 A was obtained with the micro- 
f trode 0.5 mm. from the site of the repolarizing electrode. In this record 
the narked shortening of the action potential was observed; however, following 
ane nd of the pulse there was some evidence of local depolarization evoked by 
| to break of the pulse. Figure 8 B shows a record obtained with the microelec- 


from the site of the polarizing electrode. It can be seen that the 


spread of the current pulse was very slight but nevertheless the 
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shortening of the action potential was clear. Fig. 8 C shows a record taken <; 
mm. from the polarizing electrode. In this record no electrotonix S| 
current pulse is seen but shortening of the action potential is clear] 


read of th 
y visible j 
the form of early repolarization. Fig. 8 D shows a record obtained 


at the same 
site as that in Fig. 8 A. In this record the strength of the current pulse was 


great enough to produce more displacement of membrane potential than was 


Fic. 8. Effect on membrane potential of a repolarizing pulse sufficiently strong 
to evoke propagated repolarization. Records taken 0.5 mm. from the repolarizing 
electrode (A), 3.0 mm. from the repolarizing electrode (B), and 5.5 mm. from th 
repolarizing electrode (C). The record shown in D is taken 0.5 mm 
the repolarizing electrode but the strength of the pulse is much less than in A, B, at 
C. Time calibration, 10 msec. and 50 msec. Voltage calibration, 100 mv. The verti 
lines descending from the time calibration are drive and stimulus markers 


caused by electrotonic spread in Fig. 8 B or 8 C; it is clear, however, that | 
shortening of the action potential resulted. It therefore can be concluded tha! 
the shortening of the action potential at the more distant sites (Fig. 8 B and 
is the result of the early repolarization in the surround of the polarizing ele 
trode and not the result of electrotonic spread of the polarizing current 
short, these figures suggest the possibility that the repolarization induced | 
the current pulse is propagated throughout the muscle. 

Presumably propagation of earlier and more marked shortening could ! 
demonstrated by the use of stronger repolarizing currents, such as were 
ployed in the experiment shown in Fig. 7. However, such current strengts 
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k excitation which either propagates for some distance or produces 
sthening of the action potential by electrotonic spread to distal 
fect is shown clearly in Fig. 9. In this figure the records on the 
ire taken 0.5 mm. from the polarizing electrode and those on the 





9. The upper trace in each record is recorded 0.5 mm. from the repolarizing 
ule and the lower trace is recorded 4.0 mm. from the repolarizing electrode. 
are not differential. Shortening at both sites is seen with the weakest 
repolarizing current (A). Progressive increase of strength produces more 
irked break excitation (B, C, D) which eventually propagates to the 
1). Time calibration in A, 100 msec. Voltage calibrations, 100 mv. Label 

m B, the upper right hand figure 


( ver trace are from a site 4 mm. distant. In this experiment the recordings 
le ere not differential and thus the displacement of the membrane potential 
iring the flow of polarizing current is distorted by stimulus artifact. In Fig. 9 A 
tt ulse induced premature repolarization at the near electrode which 

ave been propagated to the distal recording site. As the strength 

be ‘the polarizing current was increased break local response appeared near the 
em larizing electrode and was recorded with appropriate decrement at the distal 


9C a full sized action potential was recorded near the polarizing 
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electrode after the break. This action potential appeared as a lengthening 


the action potential at the distal site and represents either electrotoni spre 
or local response. In Fig. 9 D a still stronger repolarizing pulse gave rise afte, 
the break to a full sized action potential in the vicinity of the polarizing ele 
trode; at the distal site a smaller but probably propagated action potent 

was also seen. In normal muscle therefore, it is difficult and at times impossib; 


Fic. 10. The effect of repolarizing pulses on the action potential of a single fiber 
of papillary muscle in a medium containing 25 per cent of the normal Ca™ cone 
tration. Gradual increase in strength produces increasing repolarization (A-E 
lowed by increasing break excitation (F-I). Superimposed traces in the repolarizing 


I 
n A 


ranges are shown in J. Superimposed pulses in the reexcitation region are shown 
Calibrations in G. Time, 100 msec. Voltage, 100 mv. 
to produce by means of pulses of current a shortening of the action potent 
as marked and sustained as that which can be produced by means of sustain 
polarization (see Fig. 7). 

It is possible, however, to obtain this marked shortening if the extracel 
Ca** concentration is reduced. For unknown reasons such reduction separates 


the thresholds for sustained repolarization and break excitation (see Disc 


sion). Fig. 10 shows the results obtained when repolarizing pulses reasine 
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re applied to a papillary muscle in Tyrode solution containing 25 
mal Cat*. Fig. 10 A to 10 E shows a steady increase in the degree 


polarization was evoked and sustained. There is, between Fig. 10 B 


the discontinuity in the change of membrane voltage for an equal 


ver, (nls 


urrent strength which has been demonstrated above. In Fig. 10 F 
crease in current strength began to evoke break excitation; more- 
break excitation could be continuously graded by increasing the 


urrent strength until an action potential of normal amplitude resulted. Fig. 


1] 


\ 


repoia 


Propagation of repolarization in a fiber in a medium containing 25 per cent 
mal Ca** concentration. Records at 0.5 mm. from the repolarizing elec- 
2 mm. from the repolarizing electrode (B), and 4.0 mm. from 


rizing electrode (C). Time calibration, 10 msec. and 50 msec. Voltage cali- 


n, 100 mv. 


10] and 


K shows the progressive change in repolarization and reexcitation on 


superimposed sweeps. 


In the 


partially decalcified muscle the absence of break excitation at current 


strengths which produce early and complete repolarization makes it easier to 


emonsi 


} 
i 


taal 
il 


rate marked shortening of the action potential recorded at a distance 
polarizing electrode. Fig. 11 shows records obtained from an experi- 
ir to that of Fig. 8. In Fig. 11 A the record obtained 0.5 mm. from 
ng electrode reveals minimal break excitation and marked shorten- 


he action potential. Records obtained 2 mm. (Fig. 11 B) and 4 mm. 


trom the polarizing site show shortening of the action potential 
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which is much more marked than that obtained in normal Tyrode solution 
(compare with Fig. 8). This observation indicates that the marked shortening 
of the action potential and apparent propagation of extremely early repolariza- 
tion are difficult to demonstrate under normal conditions solely because of the 
occurrence of break excitation. 


DISCUSSION 


The principal difficulty which arises in the interpretation of the above results 
comes about because of the slowness with which the repolarization propagates, 
If the propagation velocity is taken as 0.2 meter/sec. (see below) and the 
duration of the phase of rapid repolarization is considered to be 50 msec. the 
“wave of repolarization” is 10 mm. long. The most convincing evidence for 
true propagation would the obtaining of a record at a distance of more than 1() 
mm. from the repolarizing electrode. One would expect, if the repolarization is 
propagated, that an action potential recorded at that distance would show no 
departure whatever from its normal path during the entire duration of the 
stimulus but would nevertheless show shortening as it came under the influence 
of the propagated repolarization. The record seen in Fig. 11 C nearly but not 
quite meets this criterion. Our records therefore do not offer the most unequiv- 
ocal possible evidence for propagation of repolarization. 

One point requires discussion. The fact that shortening is less and less marked 
the farther one records from the anode admits three possible explanations. 
It may mean that repolarization propagates more slowly than depolarization. 
Only if the two conduction velocities were identical would one expect to find a 
wave form of constant shape (and in particular of constant duration) as one 
moved farther from the repolarizing electrode. Also, since repolarization does 
occur spontaneously, spontaneous repolarization will occur at sites distant 
from the repolarizing electrode before propagation of repolarization could 
reach such sites. A second possibility is that the wave of repolarization propa- 
gates as rapidly as depolarization but with decrementing effect. It seems to us 
that the slowness of the voltage change in the recovery phase as compared with 
that in the wave of depolarization would support the idea that repolarization 
does propagate more slowly than depolarization. A third possibility, that re- 
polarization propagates at a diminishing velocity with constant effect cannot 
be ruled out on the basis of our evidence. It may be pointed out that the steep- 
ness of the repolarization does not diminish as distance from the repolarizing 
electrode is increased. 

The interpretation preferred by us at present is the first one described above: 
namely that repolarization proceeds with a constant but slow velocity. If 1! 
should prove that repolarization is a propagated process in normal heart (set 
discussion below) then the fact that repolarization propagates more slowly 
than depolarization would have a curious consequence: the total duration o! the 
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action potential should increase as the potential travels along a fiber. Since 
the action potential is about 20 cm. long it is difficult to find a preparation on 
which this point may be examined. 

The existence of all-or-nothing repolarization has now been demonstrated 
in four preparations: Purkinje fiber (1), squid giant axon treated with TEA 
(12), the isolated node of Ranvier (13), and mammalian heart muscle. Propa- 
gated repolarization has been shown to exist only in Purkinje fibers and iso- 
lated preparations of cardiac muscle. One question which naturally arises is 
whether or not propagation of repolarization plays any part in the normal re- 
polarization of the intact heart. There is no evidence which bears on this ques- 
tion. It is unlikely that repolarization ever spreads in a propagated manner 
from a single focus over the entire heart. On the other hand the evidence pre- 
sented above makes the conclusion almost inevitable that cells which repolar- 
ize early must accelerate repolarization of cells nearby. The idea has therefore 
been advanced that it is probably correct to think of repolarization in the whole 
heart as a propagated process with multiple foci of origin (4). 

The main reason that a single focus does not become the pacemaker for re- 
polarization in the whole heart is that the propagated repolarization has a very 
low conduction velocity. Since each cell is in a sense a pacemaker for repolariza- 
tion many cells begin to repolarize before a slowly spreading wave of propa- 
gated repolarization can reach them. No value was given for conduction veloc- 
ity under Results because of the uncertainty of measurement. If the point at 
which the plateau ends and rapid repolarization begins is taken as the time of 
arrival of the propagated repolarization a conduction velocity of 0.2 meter/sec. 
can be calculated from the records in Fig. 6. This value may not be correct but 
it is certain that the velocity is low compared with that of propagated de- 
polarization (see also Weidmann (11)). 

No theory of the ionic basis for propagated repolarization can be offered 
because there is no theory which adequately explains the ordinary repolariza- 
tion of cardiac muscle (14). If the repolarization is caused by a flow of K+ 
then presumably K+ permeability is voltage sensitive (15). One point may be 
made with respect to impedance. There is reason to believe that the phase of 
rapid repolarization is associated with a drop in membrane resistance from the 
high value during the plateau to the diastolic value (11). This observation ac- 
cords well with the idea of repolarization as regenerative and propagated. The 
observation that regenerative changes in membrane potential developed dur- 
ing the passage of repolarizing current does cast some doubt on the validity of 
using anodal current pulses for measuring membrane impedance during the 
action potential. Presumably if pulses are used which are sufficiently short and 
sufficiently weak reliable information may be obtained. 

No studies of the contractile process were made in the work reported above. 
Presumably the propagated relaxation reported by Biedermann is the result of 
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the propagated repolarization which has been demonstrated. The only positive 
statement which can be made about the relationship between repolarization 
and relaxation in cardiac muscle is that repolarization always precedes relaxa. 
tion. Tension may persist, however, for some time after repolarization, 

The observations on graded break excitation are nearly as interesting as 
those on all-or-nothing repolarization and are the subject of further investiga. 
tion. It might be mentioned that in isolated Purkinje fibers the sequence of 
events following the break of repolarizing current pulses is different from that 
noted in cardiac muscle (16, 17). In the Purkinje fibers break excitation js 
produced by current strengths weaker than those required for maintained 
repolarization whereas stronger current strengths do not induce break excita- 
tion. In other words, Purkinje fibers show the so called “no-response phenome. 
non” (17): weak anodal stimuli excite at a time when strong ones do not, 
Because of this fact, sustained repolarization may be evoked in Purkinje fibers 
merely by using sufficiently strong stimuli. It is also of interest that the graded 
break local response seen in Fig. 10 F or G may be converted into a full sized 
action potential by a weak, short cathodal stimulus applied early during the 
rise of the local response. Later, during or after the peak of the local response, 
cathodal stimuli of the same strength are without effect. The break local re- 
sponse therefore shows refractoriness entirely analogous to that of the propa- 
gated action potential. 

The question of propagation of the break responses elicited by strong re- 
polarizing currents is complex. In some cases such break responses are con- 
pletely non-propagated, even though of full size, and thus are analogous to a 
membrane action potential. In other cases, depending on the strength of the 
repolarizing pulse and the time of the break, the break action potential may 
arise out of a local response of long duration as in Fig. 9 C and D. Under such 
conditions considerable repolarization may take place at more distal sites be- 
fore the rapidly rising phase of the break response appears and it is likely that 
in certain cases propagation does take place (see Fig. 9 D). 

It would seem from the results reported that the threshold for repolarization 
in cardiac muscle is less clearly demarcated than that of Purkinje fibers (1). 
One possible explanation has been offered above. Another is that under the 
conditions of these experiments the transmembrane potential in the vicinity 
of the polarizing electrode was not completely uniform; for this reason after 
the break of the pulse any area of membrane undergoing regenerative all-or- 
nothing repolarization was under the depolarizing influence not only of break 
response in some areas but of a membrane potential returning to the normal 
plateau level in other areas. This may be related to the finding that in normal 
muscle propagated repolarization could be uniformly elicited only at a time 
quite close to the normal transition of plateau to rapid repolarization. The 
effects of decreased extracellular Ca++ cannot be explained. It is possible, 
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however, to offer a tentative mechanism within the framework of the ionic 


Sitive . 
ation hypothesis. Weidmann (18) has shown that lowered Ca++ concentrations re- 
laxa- sult in less activation of Na* carrier at a given level of membrane potential. 


Also, in studies of nerve (19) it has been shown that low Ca** slows the time 
course of inactivation-reactivation of Nat carrier. Both these effects, if opera- 
tive, would diminish the likelihood of break reexcitation at a given level of 
membrane potential. 
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ABSTRACT 

Sodium erucate reacts progressively (i.e., once the reaction is started in a time 
which is so short that the lysin is in contact with the red cells for 30 seconds, it can- 
not be stopped even by being diluted 10-fold) with human red cells at pH 7. At the 
same time, systems containing the lysin and human red cells show a zone phenomenon, 
lysis occurring most readily in a certain concentration of lysin but more slowly in 
larger or smaller concentrations. Sodium erucate-I™ can be used to investigate both 
the zone phenomenon and the progressive character of the reaction. As regards the 
former, large concentrations of the lysin react relatively poorly with the red cell 
surfaces and the resistance of the red cells is relatively high. This may be due to the 
presence of an admixed inhibitor or to the development of an inhibitory state. The 
lysin is taken up and fixed by material in the red cell surface, so that the “internal 
phase” of lysin attached to the cell surfaces is so firmly fixed that a 10-fold dilution 
has no effect on it. It follows that lysis in these systems is progressive, as it is found 
to be. 


Sodium erucate, the sodium salt of the unsaturated fatty acid, erucic acid 
(CHs(CH2)7-CH==CH- (CH2)1::COOH), has the property of acting as a 
progressive hemolysin’ and at the same time of showing a marked zone phe- 
nomenon. Since the acid is unsaturated, it is possible to make radioactive so- 
dium erucate-[* (Ponder and Ponder, 1957). This enables one to analyze both 
the “tenacity” with which the lysin is held at the red cell surface and which 
results in the lytic reaction being progressive, and also the nature of the zone 
phenomenon. 


Technique 


As in the case of the investigation of Na oleate-I™, two preparations of the lysin 
are required, Na erucate and Na erucate-I™. The first is made by adding 5 ml. of 


* This investigation was carried out under a grant, H 1598, from the United States 
Public Health Service. We take pleasure in thanking Dr. Leo Shedlovsky for supply- 
ing the erucic acid. 

1A progressive hemolytic reaction is one which, once started, cannot be stopped, 
although it may be slowed, by dilution, addition of inhibitors, etc. 
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m/10 NaOH to 0.196 ml. of erucic acid and then diluting with a phosphate buffer 
(pH 7) to m/50. The second is made by adding 0.1 I" to 25 ml. of ether, then a drop 
of concentrated HNOs, and then 0.196 ml. of erucic acid. After 12 hours the ether 
layer is washed 4 times with 10 per cent NaS,Oy, then 4 times with 10 per cent KI, 
and then twice with water (Hoffman, 1953). The ether is dried off, and 5 ml. of “/50 
NaOH is added to the material which remains. Dilution to 50 ml., about 10 ml. of 
phosphate buffer being added, gives m/50 Na erucate-I™ at pH 7. 


Cc, | 4, 
= Lin. 
08 ml! 
1.9-4 1600 


3.8- 


7.8 400 ‘ 25.6 


15.6 200 é 80 J 23.6 
31.34 100 < ; , , 7418.7 


60 100 «61200 |=6140t 














Fic. 1. Left ordinate, dilution or concentration of lysin in system. Right ordinate 
percentage uptake of lysin at the red cell surfaces (see Table I). Abscissa, time for 
complete hemolysis in minutes. The dotted extension of the curve to the origin, to- 


gether with the upper branch of the experimental curve, indicates the probable 
“generating” time-dilution curve. R values are entered against the three experi- 
mental points on the lower branch of the time-dilution curve. It is assumed that 
R = 1.0 for the points on the upper branch of the time-dilution curve. 


RESULTS 


1. The Zone Phenomenon.—Fig. 1 shows a typical time-dilution curve ob- 
tained at 25°C. and with human red cells, either with Na erucate or with Na 
erucate-I™. There is a minimum for complete lysis at about 5 = 400, lysis 
taking longer when the dilution is greater or less. 

If the quantity of lysin taken up at the red cell surfaces is plotted against 
the concentration of Na erucate-I"" present in the system initially, a result 
similar to that found with Na oleate-I™ is obtained; i.e., the quantity of lysin 
taken up is an approximately parabolic function of the quantity of lysin ini- 
tially present. The important point, however, is how the fractional quantity 
taken up varies with the lysin initially present in the system. This is found by 
adding 0.2 ml. of thrice washed red cells (volume concentration 0.1) to 0.8 
ml. of Na erucate-I™ diluted in powers of 2. As controls, 0.9 ml. of the lysin, 
diluted by powers of 2, are set up; these tubes receive no red cells. After 2 min- 
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utes, the radioactivity of 0.5 ml. of the supernatant fluids’ of the systems con- 
taining the red cells and lysin is counted with a scintillation counter and com- 
pared with the radioactivity of 0.5 ml. of the appropriate cell-free control. The 
difference in the counts, minus background, measures the fractional amount 
of the lysin in the system under consideration which has been taken up at the 
red cell surfaces. 

Table I shows the result. Call the fractional amount taken up f. Note that f 
rises from 0.187 when the concentration of lysin in the system is 31.3 mg./0.8 
ml. to 0.34 when the concentration of lysin in the system is 0.95 mg./0.8 ml. 
The red cells of a system containing 31.3 mg./0.8 ml. accordingly fix 0.185/ 
0.34, or 0.55 times the lysin fixed by the red cells in a system containing 4» 
of the amount of lysin. This alone would tend to reduce the activity of the lysin 
in systems containing concentrated lysins; ¢.g., in the system in which the 
concentration of the lysin is as great as 31.3 mg./0.8 ml. 


TABLE I 





c 














While the best way of interpreting “atypical” time dilution curves which 
present zones (as in the case of the curve in Fig. 1) has been under discussion 
at least since 1928, the most satisfactory hypothesis is that recently advanced 
(Ponder, 1955). This supposes either that the lysin is accompanied by an in- 
hibitory material or else that high concentrations of lysin are associated 
with an increase in the resistance (R) of the cells. It is reasonable to suppose 
that the effect of this inhibitor or of the increase in R will be less when the lysin 
is dilute than when it is concentrated. Suppose that the lysin, in the absence of 
the inhibitor or of an increase in red cell resistance when the concentration 
of the lysin is great, gives a smooth “generating” time-dilution curve such as 
that in Fig. 1 continued to the origin by the dotted line. It is easy to see 
that the time taken for any dilution 6 of lysin to produce complete lysis in the 
presence of the inhibitory material or state will be the same as that taken by a 
dilution R. 6 in the absence of the inhibitory material or inhibitory state. This 
is the only part of the argument required, although it can be developed 
considerably (see Ponder, 1955). 


*It is necessary to use a fast centrifuge, such as one giving a centrifugal force of 
about 2 x 10*G. 
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The experimental data, unlike what can be assumed in a theoretical treat- 
ment, does not provide a smooth “generating” time-dilution curve, but the 
upper branch of the atypical curve in Fig. 1, together with its (dotted) exten- 
sion to the origin, can safely be taken as nearly the same as the generating time- 
dilution curve, particularly as R is only 1.2 at 6 = 400. At higher values of 8, 


R will tend more and more to approach unity. Substituting concentrations for 
dilutions, 


R= (c-Si) / (cafe) 


c; being any point on the lower limb of the time-dilution curve, f; the corre- 
sponding percentage uptake by the red cells (shown on the ordinate at the 
right), while cz is the concentration of lysin on the upper limb of the time-dilu- 
tion curve, corresponding to c; so far as the time for complete hemolysis is con- 
cerned, and f2 its percentage uptake. The result of this analysis which, while 
approximate, is by no means speculative, is shown by the values of R entered 
against each experimental point on the lower limb of the curve in Fig. 1. The 
value of R at c; = 7.8 is only 1.2, and this is nearly the minimum value. At 
¢, = 31.5, however, the value of R is about 8.0; i.e., in concentrated systems 
of this lysin the amount of inhibitor, or the extent of the inhibitory state,’ is 
large. 

2. Uptake of Lysin at the Red Cell Surfaces —The effect of a 10-fold dilution 
of a system containing Na erucate-I'* on the amount of lysin taken up at the 
red cell surfaces is found by making a 10-fold dilution both of any hemolytic 
system and of its corresponding cell-free control after the lysin has been in 
contact with the cells of the hemolytic system for 30 seconds. The tube con- 
taining the diluted lysin plus cells was centrifuged for about 1 minute at 2 X 
10* G so that the supernatant fluid could be removed from 2 to 3 minutes after 
the addition of the red cells. Its radioactivity was compared with that of the 
fluid in the corresponding control. In all the systems, lysis was zero after the 2 
to 3 minute interval, although complete hemolysis occurred after 10 to 20 
minutes in the hemolytic systems which had been diluted 10-fold, specifically 
in systems containing from 31.5 mg./0.8 ml. to 3.8 mg./0.8 ml. Na erucate-I™ 
before dilution. 

It has already been shown (Ponder and Ponder, 1957) that if the radioactivity 
of the supernatant fluid of the system of lysin plus red cells, diluted 1 in 10, 
is the same as that of the corresponding cell-free control, F = 1.0; i.e., the “in- 
ternal phase” consisting of the lysin attached to the red cell surface has not 
been diluted at all. Put otherwise, the lysin in this internal phase is firmly fixed, 


3A complete coating of the red cell surface in the dilution of lysin corresponding 
to the minimal value of ¢ is one of the many inhibitory states which can be imagined. 
Lysin in excess of the amount required for this complete coating might be completely 
or relatively ineffective so far as hemolysis is concerned. 
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and the “tenacity” of the red cell surface for the lysin is 1.0; i.c., extremely 
great. In the systems containing Na erucate-I™ and in concentrations (before 
dilution) from 31.5 mg./0.8 ml. to 3.8 mg./0.8 ml. F was found to be between 
1.0 and 0.9. From this it follows that systems containing this lysin must be 
exceptionally progressive in these concentrations, as they are found to be. 
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ABSTRACT 


Studies were made of the active ion transport by the isolated urinary bladder of the 
European toad, Bufo bufo, and the large American toad, Bufo marinus. The urinary 
bladder of the toad is a thin membrane consisting of a single layer of mucosal cells 
supported on a small amount of connective tissue. 

The bladder exhibits a characteristic transmembrane potential with the serosal 
surface electrically positive to the mucosal surface. Active sodium transport was 
demonstrated by the isolated bladder under both aerobic and anaerobic conditions. 
Aerobically the mean net sodium flux across the bladder wall measured with radio- 
active isotopes, Na™ and Na®, just equalled the simultaneous short-circuit current in 
42 periods each of 1 hour’s duration. The electrical phenomenon exhibited by the 
isolated membrane was thus quantitatively accounted for solely by active transport 
of sodium. Anaerobically the mean net sodium flux was found to be slightly less than 
the short-circuit current in 21 periods of observation. The cause of this discrepancy is 
not known. 

The short-circuit current of the isolated toad bladder was regularly stimulated with 
pure oxytocin and vasopressin when applied to the serosal surface under aerobic and 
anaerobic conditions. Adrenaline failed to stimulate the short-circuit current of the 
toad bladder. 


INTRODUCTION 


Although the ability to perform active transport of ions is common to living 
cells in general, considerable technical difficulties are encountered in the study 
of this process in most tissues. Much useful information has been obtained from 
the study of homogeneous cell types such as red blood cells and yeast. Much 
has been added to knowledge of ion transport, particularly in nerves, by study 


* Presented in part at the 3rd International Congress of Biochemistry, Brussels, 
August, 1955. 

{ Supported in part by funds from the United States Public Health Service (Grant 
H-2822) and the John A. Hartford Foundation, Inc. 
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of individual cells. However, facts have perhaps accumulated most rapidly 
recently from a consideration of membranous tissues specialized in the active 
transport of one or more ions. Frog skin, gastric mucosa, intestinal epithelium, 
and gills are examples of such specialized membranes. The study of sodium 
transport by the frog skin has progressed rapidly through the work of Ussing 
and associates especially since their introduction of the short-circuit current 
technique (1). The complexity of the frog skin with its stratified epithelial layers, 
skin glands, and thick subcutaneous connective tissue layer makes it unsuitable, 
however, for studies in which the correlation of the active ion transport process 
to biochemical events in those cells engaged in this process is sought. A mem- 
brane of simpler histological structure in which the cells performing the active 
ion transport comprise a larger fraction of the total cells of the tissue would be 
desirable. This paper is concerned with the general description of the active 
sodium transport process in the isolated toad bladder, a membrane which at 
least partially fulfills this requirement for simplicity of structure. 


Methods 


Studies were made on the European toad, Bufo bufo, and on the larger American 
species, Bufo marinus. The former were stored in a cool cellar and used unfed during 
the fall season. The latter were used throughout the year, kept at room temperature, 
and force fed with meal worms once or twice weekly. The animals were pithed, and 
one-half of the bladder removed, rinsed in frog Ringer (Na, 113.5; K, 1.88; HCOs, 2.38 
m. eq./liter and Ca, 0.89 mm/liter) and mounted between two halves of a lucite 
chamber similar to that described by Ussing and Zerahn (1). The cross sectional area 
of the chamber was 3.14 cm.? and 10.0 ml. of Ringer was usually used to bathe each 
side of the membrane. Short-circuit current measurements were made according to 
the technique of Ussing and Zerahn (1). 

The net sodium flux was determined simultaneously with the short-circuit current 
measurements using radioactive Na to measure influx (mucosal to serosal side) and 
Na™ to measure simultaneously the outflux (serosal to mucosal side). The double 
isotope labelling technique described by Levi and Ussing (2) was used. Na™ was 
obtained from Oak Ridge and Na* from Nuclear Science and Engineering Corpora- 
tion, Pittsburgh. All counts were made to + 1 per cent standard deviation. Appro- 
priate corrections were applied for the decay of the Na™. All Na™ counts were made 
after 3 weeks had elapsed to allow for complete decay of the Na™. The Na™ count 
were made in the presence of Na™ by using an aluminum filter (69.12 mg./cm.’) to 
absorb the majority of the softer radiations from Na®. Na™ counting with filters was 
done with a tracerlab 100 scaler and an end window G-M tube with manual sample 
changer. The Na* was counted with a model D47 gas flow counter with a micromil 
window and a nuclear-Chicago scaler with automatic sample changer. 

Short-circuit current measurements were made with a Weston D.c. micro-ammeter, 
model 622, having a full scale reading at full sensitivity of 50 microamperes and a 
precision of 0.5 per cent full scale reading. Membrane potentials were measured with 
a model 3 radiometer pH meter. 
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The neurohypophyseal hormone preparations were pitressin (Parke, Davis and Co.) 
and pure oxytocin, ONS, and vasopressin, AVN3, (the two pure hormone preparations 
were generously supplied by Professor V. du Vigneaud). The hormone was added 
directly to the fluid bathing the serosal or mucosal surfaces of the membrane. Adren- 
aline hydrochloride (Parke, Davis and Co.) was used in some experiments. 

Total solute concentrations of serum and urine were determined cryoscopically 
using a Fiske osmometer. Sodium and potassium concentrations were measured on a 
Baird flame photometer using a lithium internal standard. Chloride was measured 
potentiometrically by the method of Sanderson (3) with 0.2 N nitric acid replacing the 
acetic acid to reduce potential drift. Wet tissue weights were obtained after blotting 
the bladder carefully on Whatman No. 54 filter paper and weighing in tared vessels. 
Dry weights were subsequently obtained by drying overnight in an oven at 105°C. 

To obtain anaerobic conditions the medium was equilibrated with high purity Ne 
(Linde Co., Needham Heights, Massachusetts) after first bubbling the tank gas through 
a double train of vanadyl sulfate solution as recommended for deoxygenation by 
Meites and Meites (4). A vibrating platinum microelectrode (5) was used for oxygen 
measurements to determine the time required to obtain anaerobic conditions in the 
chamber when nitrogen replaced air as the gassing phase. 


RESULTS 


Siructure.—The urinary bladder of the toad is a bilobed highly distensible 
organ which in the hydrated animal may occupy one-third to one-half of the 
entire abdominal cavity. It is transparently thin and consists of a single layer 
of epithelial cells lining the mucosal surface. These cells are supported on a 


fine layer of connective tissue. Small bundles of smooth muscle are scattered 
through this layer as is the blood supply to the bladder. The smooth muscle 
bundles are dispersed and do not form a continuous sheath. They appear to 
function only to keep the size of the bladder proportional to its fluid content; 
actual expulsion of urine is accomplished by the heavy musculature of the 
abdominal wall. As most of the bladder lies free in the peritoneal cavity much 
of its surface is covered by a layer of serosal cells. 

Fig. 1 shows histological sections of this delicate membrane stained with 
hematoxylin and eosin. Cross sections of 125- and 450-fold magnification are 
shown. As the sections were prepared by tying off one-half biadder, excising 
it proximal to the ligature, and dropping the resulting urine-filled balloon 
directly into 10 per cent formalin fixative the thinness of the tissue represents its 
physiological state. A greater or lesser urine content would have modified the 
histological picture by further stretching or contracting the membrane. In 
the empty contracted state more smooth muscle and a thicker submucosal 
connective tissue layer are apparent. The higher magnification of the membrane 
shows the relative thickness of mucosal cells to total membrane thickness in a 
physiological state of distention. 

Composition of Urine and Serum.—Table I shows the total solute, sodium, 
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potassium, and chloride concentration of toad’s serum and urine. The serum 
concentrations are readily altered by the state of hydration of the animal. 
Values are arranged in order of increasing overhydration with the most hypo- 
tonic serums at the bottom of the table. The concentrations in the correspond- 


——--- Ss - - 


4 


Fic. 1. Histologic sections of cross section of toad bladder. Tissue was fixed in 10 
per cent formalin and stained with hematoxylin and eosin. On the left magnification 
is 125-fold, and arrows show (a) serosal lining, (6) bundle of smooth muscle cells, (c) 
small blood vessel containing nucleated red blood cells, (¢@) mucosal epithelium. On 
the right is shown a higher magnification (x 450) of the length of bladder mucosa 
indicated in the low power section between the two broken lines to show the relative 
thickness of mucosal epithelial cells to supporting tissue in the bladder wall. 


ing bladder urine are shown to the right. In all instances urine sodium and 
chloride concentrations are considerably lower than the corresponding serum 
values. Some values of urine sodium concentration as low as that achieved by 
the mammalian renal tubule indicate a powerful reabsorptive capacity for this 
ion. In accordance with recent results reported by Sawyer (6) values for urins 
concentration hypertonic to serum have not been found. Urines as dilutee a 
the human kidney can elaborate were found in the overhydrated toads. 
Active Sodium Transpori.—When bathed in a sodium-containing Ringer 
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solution and with the same concentration of sodium on both sides of the mem- 
brane the serosal side of the bladder was invariably found to be electrically 
positive relative to the mucosal surface. Spontaneous membrane potentials 


TABLE I 
Sodium, Chloride, Potassium, and Total Solute Concentrations in Toad’s Serum and Urine 
' | U 4 
, Total solute Total solute | a 
Experiment iconcentration , concentration ————j——— 


ve ce 











287 
302 
103 

| 116 
| 136 
| 71 
| 82 
119 
126 
161 

47 

50 

96 
| 74 
6 | 9% | 4.0 148 


* Pooled serum used for these analyses. 
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TABLE II 


Comparison of Net Sodium Flux and Shori-Circuit Current through Isolated Toad Bladder; 
the Aerobic Active Sodium Transport 


| : | ] l 
Duration } | A 
pooh d each a ~~ ry | Mean net Na |Mean short-cir- 


period | transport cuit current 








min. B eq./cm.2/min. 
26 | 60 0.0206 | 0.0121 | 0.0085 | 0.0085 
| 60 


B. marinus 16 0.0357 | 0.0095 0.0262 | 0.0268 


B. bufo B. marinus 


| 
Mean difference (A-B) 0 | 0.00065 p eq./cm.2/min. 
S.E. of mean difference 0.00031 ys eq./cm.?/min. | +0.0018 
Mean dry weight 1.3 mg./cm2? | 3.43 mg./cm? 














of 120 mv. have been measured but usually values of 20 to 50 mv. were ob- 
tained with Bufo marinus and values of 5 to 20 with Bufo bufo. Ussing and 
Zerahn (1) have shown that, with the same medium on either side of the isolated 
frog skin, when an external potential is applied across the skin so as to reduce 
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the spontaneous membrane potential to zero, the current measured in the 
external circuit just equals the active sodium transport through the skin. 
Table II shows the mean results of simultaneous measurements of sodium 
fluxes from mucosal to serosal surfaces (influx) with Na” and from serosal to 
mucosal surfaces (outflux) with Na™ and the short-circuit current in 26 periods 


p AMP./CM: 
60 








SHORT -CIRCUIT CURRENT 


OXYTOCIN 0.2 UNITS 
(SEROSAL SIDE) 








i re 1 4 l i 


30 60 90 120 150 180 
MINUTES 





Fic. 2. Anaerobic active sodium transport by isolated toad bladder and its stimula- 
tion by neurohypophyseal hormone. Pure nitrogen has been substituted for air 20 
minutes before short-circuit current measurements were commenced. Active sodium 
transport is plotted on the ordinate and expressed as short-circuit current in u amp./ 
cm.? while time in minutes is shown on the abscissa. The neurohypophyseal hormone 
was pure oxytocin and the amount of hormone solution added was 25 ul. 


of 1 hour each on the European toad, Bufo bufo, and 16 periods on the larger 
American toad, Bufo marinus. When expressed in the same units excellent 
agreement is found between these two independent measurements in both 
species of toad. As has been demonstrated for the frog skin (1, 7-10) these 
results constitute the proof that sodium is actively transported by this mem- 
brane and that it accounts quantitatively for the total electrical activity of the 
short-circuited bladder. Although the active ion transport expressed per unit 
area of membrane is less for B. bufo than for B. marinus, when corrected to 
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unit dry weight the rates of transport are not dissimilar—0.0065 and 0.0077 
y eq./mg. dry weight/minute, respectively. The larger bladder of B. marinus 
could be mounted more easily leaving more tissue in the chamber. 

It has been shown for the frog skin (5) that some short-circuit current per- 


p AMP./CM: 
60 








pir 


SHORT - CIRCUIT CURRENT 


OXYTOCIN 





1 —- = ie 
30 60 90 
MINUTES 


Fic. 3. Initiation of sodium transport by the isolated toad bladder under anaerobic 
conditions. The bladder was mounted in a sodium-free magnesium Ringer in which no 
sodium transport was demonstrable initially either aerobically or anaerobically. After 
30 minutes anaerobically deoxygenated sodium Ringer was added and sodium trans- 
port commenced. This sodium transport was increased slightly by 0.2 unit of pure 
oxytocin and greatly by air. 








sists for periods of an hour or two under completely anaerobic conditions and 
even in an atmosphere of pure carbon monoxide. Fig. 2 shows short-circuit 
current measurements obtained from an isolated toad bladder which was 
maintained over 2 hours under completely anaerobic conditions. Pure nitrogen 
had been substituted for air 20 minutes before the short-circuit measurements 
were commenced. The time required to render the Ringer solution oxygen-free 
by gassing with nitrogen was determined directly on the chamber used in this 
study with a vibrating platinum microelectrode (5). The mean time to reduce 
the oxygen concentration in the medium to < 0.08 volume per cent was 3.1 
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minutes and the longest time required was 5.7 minutes. In contrast to the 
failure of neurohypophyseal hormones to stimulate the short-circuit current 
of the isolated frog skin under anaerobic conditions (5), Fig. 2 shows the marked 
stimulation observed anaerobically for the isolated toad bladder. This was a 
consistent finding with both pure oxytocin (ONS) and pure vasopressin (AV- 
N3). When air was substituted for the nitrogen the short-circuit current rose 
to higher values just as had been noted previously for the frog skin. 

In most instances, the short-circuit current decreases under anaerobic con- 
ditions until a new level is reached which is usually considerably lower than 
under aerobic conditions. This lower rate of activity anaerobically may be main- 
tained for periods of 1 to 2 hours as shown in Fig. 2. However, in some experi- 


TABLE II 


Comparison of Net Sodium Flux and Short-Circuit Current through Isolated Toad Bladder; 
the Anaerobic Active Sodium Transport (Bufo marinus) 





| | 
No. of periods Duration Mean Na 


| A B 
: Mean Na influx Mean net Na Mean short- 
| each period | | outflux transport | circuit current 





min. ps eg./cm.2/min. 


21 | 0.0174 | 0.0089 | 0.0085 | 0.0103 








Mean difference (A-B)....... . | —0.0018 p» eq./cm.2/min. 

s.E. of mean difference saughe™ +0.00059 wt eq./cm.?/min. 
.. P = 0.01 

Mean dry weight. ..... “a 3.02 mg./cm.* 





ments the short-circuit current and membrane potential gradually and progres- 
sively decline to zero values. Fig. 3 shows that the short-circuit current can be 
generated de novo under anaerobic conditions. This indicates that energy supplies 
can be freshly mobilized under anaerobic conditions to initiate and maintain 
the active ion transport. When an Mg-Ringer which had all the sodium com- 
pletely replaced by magnesium was used on both sides of the membrane no 
detectable membrane potential or shirt-circuit current could be measured. 
After 30 minutes of anaerobic conditions a sufficient volume of deoxygenated 
sodium-Ringer was added to bring the final concentration of sodium up to one- 
third that of ordinary frog-Ringer. Promptly on addition of sodium a short- 
circuit current was generated. Addition of oxytocin produced a slight further 
rise and addition of air a much larger rise in short-circuit current. 

To determine whether the equality between short-circuit current and net 
sodium flux was preserved during anaerobic conditions, double isotope labelling 
measurements of sodium fluxes were made simultaneously with short-circuit 
current readings. Table III shows the mean results of such measurements in 21 
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anaerobic periods each of 1 hour’s duration. Again the sodium influx (mucosal 
to serosal surfaces) was found to exceed the outflux (serosal to mucosal sur- 
faces) but here the agreement of net flux and short-circuit current is not 
perfect. The short-circuit current exceeds the net sodium flux and the mean 
difference is found to be significant (P < 0.01). The cause of this discrepancy 
is not evident and some small systematic error in the measurements of either 
current or ion fluxes at these low levels of transport unfortunately cannot be 
excluded. It is evident, nevertheless, that active sodium transport accounts 


p AMP./CM! 
40 





PITRESSIN 2 UNITS 
(MUCOSAL SIDE) 


PITRESSIN 2 UNITS 
(SEROSAL SIDE ) 
4 1 7 a l _" 
30 60 90 120 150 180 
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Fic. 4. Demonstration of the unilateral stimulatory effect of neurohypophyseal 
hormone. When neurohypophyseal hormone, pitressin, was added to the Ringer solu- 
tion bathing the mucosal surface no effect on short-circuit current was noted. The 
same amount of hormonal preparation added to the solution bathing the serosal side 
resulted in a prompt and large stimulation. 


SHORT-CIRCUIT CURRENT 











for the majority of the electrical activity anaerobically even as it does aerobi- 
cally. The passive flux of sodium through the membrane indicated by the mean 
sodium outflux values of Tables II and III during anaerobic conditions is seen 
to be slightly less than under corresponding conditions aerobically. 
Neurohypophyseal Hormone and Adrenaline.—As in the frog skin (1) neuro- 
hypophyseal hormones produce a marked stimulation of active ion transport 
in the bladder. Fig. 4 shows that in this membrane also the hormone acts only 
unilaterally. When pitressin was added to the fluid bathing the mucosal sur- 
face it was without effect on transport. When applied to the serosal surface it 
resulted in a prompt large stimulation of short-circuit current. Both pure 
oxytocin and pure vasopressin produce this unilateral stimulatory effect which 
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constitutes a remarkable degree of structural specificity of the 
process considering the thinness of the membrane and the probability that only 
a single layer of cells is engaged in the process of sodium transport. 

In contrast to its action in the frog skin adrenaline was found not to have a 
stimulatory effect on the toad bladder, Fig. 5. Koefoed-Johnsen, Ussing, and 
Zerahn (11) showed that the added current with adrenaline resulted from the 
>¢tive transport of chloride ions in the direction opposite to the net movement 
of sodium. They postulated that adrenaline stimulated secretion of the skin 
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Fic. 5. Contrasting the effect of adrenaline on short-circuit current of frog skin and 


toad bladder. The short-circuit current of the isolated frog skin is stimulated by 
adrenaline. No stimulatory effect of adrenaline has been observed for the toad bladder. 








glands and that this was the source for the outward movement of chloride ions. 
The absence of stimulation of the toad bladder with adrenaline supports this 
view as the toad bladder, of course, is devoid of skin glands. No explanation 
for the transient drop in current on addition of adrenaline is apparent. 


DISCUSSION 


The physiological role of the anuran bladder in maintaining water balance 
has been demonstrated by Steen (12), Ewer (13), and Sawyer and Schisgall (14). 
The present study demonstrates that sodium as well as water can be reabsorbed 
by the bladder mucosa. The characteristic membrane potential exhibited by 
the isolated bladder when both surfaces are bathed by Ringer solution of 
identical composition shows that the membrane is capable of net ion transport. 
The existence of a net sodium transport across the chemically and electrically 
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symmetrical short-circuited membrane is proof of an active transport mecha- 
nism for this ion species (1). In the intact animal sodium must be moved against 
both a chemical and an electrical gradient confirming the necessity for the 
performance of thermodynamic work by the bladder in the transport of sodium. 
Equivalence of the net sodium flux and the short-circuit current aerobically 
indicates that the electrical phenomenon can be entirely accounted for solely 
by the active transport of sodium ions. It is impossible to state at present 
whether the small discrepancy observed during anaerobic transport between 
net sodium flux and short-circuit current is physiological or constitutes a 
systematic error in measurement. 

Ewer (13) and Sawyer and Schisgall (14) have demonstrated that injections 
of neurohypophyseal hormone preparations increase the rate of reabsorption of 
water by the anuran bladder. The present study indicates that both pure 
oxytocin and vasopressin stimulate transport of sodium by the bladder. This 
response the bladder shares with the isolated frog skin under aerobic conditions 
(1). The cause of the failure previously to demonstrate similar stimulation of 
sodium transport anaerobically by the isolated skin of Rana temporaria (5) is 
not clear. In the present study an increased short-circuit current was repeatedly 
demonstrated by the isolated toad bladder under anaerobic conditions with 
oxytocin or vasopressin. 

Inasmuch as the bladder mucosa transports sodium actively it is the final 
determinant of the urinary sodium concentration. As bladder urine may be 
essentially sodium-free, see Table I, this reabsorptive mechanism for sodium 
must be as effective as that possessed by the renal tubules of man (15). It may 
be justifiably anticipated that knowledge obtained regarding the sodium 
reabsorptive mechanism of the toad bladder will be applicable to the problem 
of sodium transport by mammalian renal tubules. Because the cells transport- 
ing sodium in the toad bladder are arranged in a sheet in contrast to the myriad 
small tubules of the mammalian kidney, the active ion transport process is 
more readily studied in the anuran bladder. The fewer cell types present and the 
lesser amounts of supporting tissue give this membrane some advantages over 
the frog skin for the study of active ion transport. 


The authors would like to express their appreciation to Professor H. H. Ussing in 
whose laboratory and under whose guidance this study was commenced. Thanks are 
also due Dr. Richard B. Cohen for generous assistance in preparing the histologic 
sections shown. 
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ABSTRACT 
Modifications which enable simpler operation of the Cunningham-Barth-Kirk 
microrespirometer are described and an example of its use is quoted. Added advantages 


include easy positioning of indicator drop in the capillary and thermal equilibration 
at atmospheric pressure. 


INTRODUCTION 


Cunningham and Kirk (1940) developed a differential microrespirometer 
consisting of chambers of equal size drilled in a rectangular brass block and 
joined by a capillary tube within which the movement of a drop of kerosene or 
other low viscosity liquid could be measured. The apparatus was modified by 
Barth and Kirk (1942). This respirometer can be used for measuring gas 
changes of the order of 0.1 to 10 yl. per hour with errors of less than 5 per cent. 
There are, however, difficulties in using the apparatus, notably the haphazard 
positioning of the indicator drop in the capillary during assembly, the changes 
in pressure which occur in the chambers during thermal equilibration and the 
uncertainty of the grease seal between the chambers and the lucite head plate. 
The modifications to be described involve the capillary mountings and head 
plate and chamber seals and are designed to minimise these drawbacks to an 
otherwise very useful piece of equipment. 


Description of the Respirometer 


The main block design (Fig. 1, A) is the same as that described by Barth and Kirk 
(1942). It consists of a 3 inch length of rectangular brass (144 xX % inches) with two 
holes 3¢ inch in diameter, 34 inch deep and 154¢ inches between centres, drilled sym- 
metrically in one narrow face of the block to form the chambers. The top of the block 
is machined to leave a rim }4g inch high and ¥/¢ inch wide around the top of each 
chamber. Threaded studs are placed near each end for the assembly of the apparatus. 
Rubber gaskets (Fig. 1, g:) surround the rims of the chambers and are just a little 
thicker than 149 inch. 

The head plate (Fig. 1, B) has been modified and consists of a piece of brass strip 
3% X 14 &X 3 inches, drilled at the ends for the assembly bolts: a {¢ inch hole com- 
municates with each chamber. The capillary tube (Fig. 1, C) is mounted on the head 
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Fic. 1. Isometric drawing of the modified differential microrespirometer. For ex- 
planation of the lettering see the text. 
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plate between rubber gaskets (Fig. 1, g2) in the recesses of shaped brass blocks (Fig. 
1. D, and Dz), which are secured to the head plate by countersunk screws, the joint 
being sealed with a little gasket cement. These blocks are drilled with 14¢ inch holes 
which correspond to the holes in the head plate, and communicate with horizontal 
1; inch holes drilled right through the blocks in positions corresponding with the 
horizontal axis of the capillary tube. These horizontal holes are traversed by tapered 
holes (tapered pin reamer 3/0, major diameter 0.117 inch), within which turn tapered 
stainless steel stopcocks (Fig. 1, Z). These permit pressure equilibration between 
each chamber during the positioning of the indicator drop. 

The head plate is clamped to the chamber block by means of a 44 XK 44 X 3 inches 


Fic. 2. The assembled microrespirometer. 


brass strip (Fig. 1, G), drilled for the assembly bolts, and slotted to expose the capillary 
for reading from above. When the knurled nuts on the assembly bolts are tightened, 
this brass strip bears on the tops of the capillary mounting blocks, pressing the head 
plate on to the gaskets around the chamber rims. If the nuts are tightened until the 
head plate makes contact with the rim of the chambers, reproducible chamber volume 
is ensured, together with a rubber seal between head plate and chamber block; (this 
seal may be further aided by a smear of silicone grease on the rubber surfaces). The 
assembled instrument is illustrated in Fig. 2. 

The thick walled glass capillary tubes are 114 inches long, and cut from uniform 
bore tubing of known bore diameter: the ends are ground flat and exactly at right 
angles to the axis of the tube. The capillaries are mounted, or changed by slackening 
the screws holding one of the shaped blocks to the head plate. The gasket cement is 
wiped off the adjacent faces with a suitable solvent and a fresh film applied before 
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assembly. The capillary tube is squeezed between the greased rubber gaskets which 
must be thick enough to make considerable pressure with the fingers necessary in 
order to reinsert the screws into the threaded holes in the head plate. The capillary 
tubes should be frequently cleaned in chromic acid. The indicator drop (kerosene 
washed with concentrated H,SO, and stored over NaOH pellets) is inserted in the 
capillary by means of a very fine glass pipette passed through the hole in the capillary 





Fic. 3. A view of the various components. A, chamber block; B, head plate as- 
sembly; G, clamping strip. J, perspex inserts with KOH-impregnated filter paper 
squares, S, and glass balls, A,—the left one shown on its wire support and the right 
one in the mixing position. 


mounting after first removing the stopcock. (The latter should be thoroughly greased 
before replacing). The indicator drop should be run back and forth through the capil- 
lary several times by tipping the head plate, in order to wet the entire length of the 
tube with the liquid. 

The insides of the chambers are protected by a thin layer of paraffin wax (applied 
dilute in xylol). Matched “perspex” inserts of various designs may be used in the 
chambers (a) to increase the sensitivity of the respirometer by reducing the chamber 
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volume and (6) to hold the materials being studied. The inserts illustrated in Fig. 3 
consist of two depressions in a perspex disc with a wire frame for holding a piece of 
filter paper soaked in KOH (for CO; absorption) and a glass ball, which when dis- 
lodged by tipping, mixes the substrate and cells placed in separate drops in the de- 
pressions in the disc. 

One of the authors has used four of these microrespirometers mounted on a rail in a 
thermostatically controlled water bath. Successive readings of indicator drop move- 
ment were made with a Cambridge measuring microscope, the respirometers being 
slid along the rail to bring them beneath the microscope lens. 


Procedure for Use 


The materials are introduced into the chambers and the respirometer is 
assembled with the stopcocks open. It is then placed in the thermostat until 
thermal equilibrium is reached when the position of the indicator drop is 
adjusted by tilting the respirometer and allowing the drop to run towards the 
compensation chamber. For most purposes the starting position of the drop 
should be 3 to 5 mm. from the end of the capillary: if this distance is reduced 
there is a risk of the drop adhering to the external orifice of the capillary, or 
even being drawn right out by surface tension forces. The stopcocks are then 
closed and readings commenced. For maximum accuracy amounts of tissue, 
size of inserts, and capillary dimensions should be selected so that readings 
may be made at 10 minute intervals. Shorter intervals tend to decrease ac- 
curacy owing to non-uniform drop movement, which is exceedingly difficult 
to avoid. 

Absorption of gas in the reaction chamber of the respirometer is calculated 
from the formula 


ies 


in which AV fp» is the change in volume of gas in the reaction chamber at the 
initial pressure (barometric pressure when the chambers were closed): is the 
ratio of the total volume of the two chambers to the volume of the compensa- 
tion chamber: A is the effective cross-sectional area of the capillary (actual 
area minus 4 per cent, Cunningham and Kirk, 1940); d is the displacement of 
the indicator drop: Vc is the volume of the compensation chamber up to the 
indicator drop at its initial position. If gas is being evolved the sign of the 
lower line of the equation is reversed to Vc— Ad. 

When accurate absolute measurements are required, it is necessary to cor- 
rect for changes in amounts of dissolved gases in each chamber as the partial 
pressures change owing to the uptake of oxygen by the tissue. This effect is very 
small as long as the volumes of liquids used are also very small. 

The sensitivity and accuracy of the modified instrument have proved to be 
substantially the same as those claimed by Cunningham and Kirk (1940). 
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There was usually a variation between replicates of about 5 per cent and 
preliminary tests showed quite good agreement with measurements made on 
similar material in Warburg respirometers. For example, bacteroid preparations 
from subterranean clover nodules gave Qo,’s of 195 yul./hour for 10° cells in 
the microrespirometer and 221 yl./hour in the Warburg. 


The authors are indebted to Mr. G. J. Row for the isometric drawing and to the 
Photographic Section, Division of Plant Industry, Commonwealth Scientific and 
Industrial Research Organization, Canberra, for the photographs. 
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ABSTRACT 


A statistical mathematical model of the discharge in a single optic nerve fiber is 
proposed, based on a discharge with intervals between impulses distributed inde- 
pendently according to a gamma distribution (“gamma discharge”). A light stimu- 
lus distorts the time axis of this discharge according to a “frequency function” which 
is characteristic of the stimulus. 

A linear filter is described which calculates the likelihood of a certain stimulus 
when the nerve fiber message is fed into it. This filter forms the basis of theoretical 
nerve message analyzers for three visual experiments: (a) The detection of the oc- 
currence of a flash of light of known intensity and time of occurrence, (b) the detec- 
tion of the time of occurrence of a flash of known intensity, and (c) The estimation 
of the intensity of a flash occurring at a known time. 

Possible neural mechanisms in the brain for analyzing optic nerve messages, based 
on the above mathematical models, are suggested. Changes of excitability or dis- 
charge frequency correspond to the output of the likelihood filter. Any such mecha- 
nism must be sufficiently plastic to have a response matched to each expected stimu- 
us for most efficient vision near threshold. 


I 
INTRODUCTION 


The mammalian optic nerve can be thought of as a noisy communication 
channel. Each of its sensory fibers carries visual information to the brain coded 
in the form of a sequence of nearly identical nerve impulses. Such messages, 
when recorded electrically from ganglion cells in the retina of a cat, either in 
total darkness or under a steady illumination, are found to have an average 
frequency of between 3 and 80 impulses per second. This discharge is not regu- 
lar, but random; the durations of the intervals between successive impulses are 
distributed statistically over a wide range (Granit, 1947, 1955; Kuffler, Barlow, 
and FitzHugh, 1957). This variation in the duration of the intervals constitutes 
“noise” which tends to distort the visual message and set a limit to visual 
sensitivity. 

The statistical properties of the maintained discharge were described by 
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Kuffler, Barlow, and FitzHugh (1957), and those of the response to a flash near 
threshold by FitzHugh (1957). In the latter paper a rather simple method of 
analyzing the messages was used, namely, counting the number of impulses 
which occurred during a certain critical period following the flash and studying 
the statistical distribution of this number, with flash intensity as a parameter. 
With this method of analysis some of the useful information in the message was 
undoubtedly lost, but an approximate agreement was found between the 
number of identical flashes required to attain near certainty in measuring the 
threshold experimentally, and the corresponding number predicted from the 
statistical analysis. This work suggested two theoretical questions: (1) how, in 
principle, to extract useful information most efficiently from an optic nerve 
fiber message, and (2) how to design an analyzing device to perform this task 
with reasonable accuracy. 

The problem of detecting a small signal in the presence of noise has been 
studied in considerable detail by communication engineers. Much of their 
theoretical work is based, however, on the assumption of a linear system, in 
which the magnitude of the total message at any instant is equal to the al- 
gebraic sum of the signal and noise. The mammalian optic nerve message does 
not have this property, however, since it consists of a sequence of identical 
impulses which cannot be separated into two subsequences, one constituting the 
signal and the other noise. The effect of the stimulus is to modify the interval 
durations or “frequency” of the maintained discharge of impulses, rather than 
to add (or subtract) individual impulses. It is necessary, therefore, to set up a 
non-linear stochastic model of the nerve discharge and apply to it those more 
general parts of communication theory which deal with the process of statistical 
inference, based on the calculation of likelihoods. The solution of this problem 
presented in this paper is, briefly, to feed the nerve message into an ideal 
electrical filter which has as its output a weighted sum of the impulses during 
the recent past. Impulses that arrive at a time when an increase of frequency is 
expected, following a flash, tend to favor the hypothesis that the flash did 
actually occur, and are therefore given positive weights, while those arriving 
during an expected decrease of frequency tend to oppose the hypothesis and 
are given negative weights. If a flash did occur, then more of the positively 
weighted impulses are likely to occur, and fewer negatively weighted ones, so 
that the resultant weighted sum is larger than would occur after no flash. 
Therefore, the larger the weighted sum, the more likely it is that a flash did 
occur. The effect of the filter is to transform a nerve message, in which informa- 
tion is distributed over a time interval of the order of 100 msec., into a signal 
at a single instant of time which contains all the useful information of the nerve 
message. This new variable can then, according to its magnitude, give rise to a 
motor report of what was seen. The design of this filter is based on experi- 
mentally analyzed statistical properties of single optic nerve fiber discharges in 
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the cat. It will be shown that this filter can be used to analyze efficiently the 
stimulus information in a single nerve fiber message in three cases of visual 
detection: presence or absence of flash, time of occurrence of flash, and intensity 
of flash. 


List of Principal Symbols 


((t) or f(t; w) frequency function 
g(t)h(w) In f(t; w) for case of intensity detection 


Gy 


Ge 
I flash intensity 
L(w) or L(t.) likelihood of w or #,, respectively 
N number of impulses in message 
P(s) distribution of s 
P(tn; tn, W) conditional probability distribution of t,, given ¢,, and w 
likelihood ratio 
impulse interval duration 
time 
time of mth impulse 
variable time of stimulus 
duration of response 
duration of period within which flash is presented 
integral of frequency function 
stimulus intensity 
constants 


I 
A STATISTICAL MODEL OF THE DISCHARGE 


Before any detailed treatment of the problem can be made, a mathematical 
model of the ganglion cell discharge is required. The model must have statis- 
tical properties like those of the discharge, but it must also be simple enough 
to manipulate mathematically. A model which is believed to be a satisfactory 
compromise between these two requirements has been found. 

The time of occurrence of each impulse in a ganglion cell depends statis- 
tically on the times of occurrence of the preceding impulses and on the previ- 
ous stimuli. The latter effect can be eliminated, for the moment, by assuming 
a zero or constant background illumination, and the resulting discharge will 
be called the maintained discharge. The mathematical model designed on this 
basis will later be modified to include the effect of an added flash of light. 
The following properties of the maintained discharge were found experi- 
mentally (Kuffler, Barlow, and FitzHugh, 1957). (1) The average frequency 
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is approximately constant over periods of the order of several minutes, (2) 
The probability distribution of impulse interval duration (s) can be fitted 
satisfactorily by the gamma distribution (Pearson’s type III; Kendall, 1945): 
p(s) ds = eed 


Ta) (1) 


k>O0O, @21, OSs<om 


For four out of five samples of discharge analyzed, a was in the range from 


1 
° "Ty t 








ad 








wo 
7) 
8 
2 
a 
So 
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oS 

oO 


Pi Nerve message 


b 
Fic. 1. Diagram of a statistical model of the optic nerve fiber discharge in response 
to a flash of light on the retina. a, a typical frequency function f(¢) following stimu- 
lus at ¢ = 0. 6, graph showing u(t), the integral of f(#). The impulses in a random 
gamma process (left) erected along the w-axis, are projected horizontally to the 


right to meet the u(#) curve, and then vertically down to form the nerve discharge 
(bottom). 


1.8 to 4.1 and & in the range from 0.07 to 0.16 msec.—! (3) The first serial cor- 
relation coefficient between the values of successive intervals was between 
—0.1 and —0.2; the second and higher order serial correlation coefficients 


approached zero. Since these correlation coefficients are fairly small, they 
will be neglected. 
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The model to be adopted for the maintained discharge consists of a sequence 
of identical impulses, with the intervals between impulses distributed accord- 
ing to equation (1), and successive intervals statistically independent. Such a 
model of the maintained discharge will be called a gamma process. If a = 1, 
the gamma process becomes a Poisson process (Feller, 1950), which, how- 
ever, does not represent the data considered here very well. A stimulus flash 
causes momentary changes in average impulse frequency. In Fig. 14, ¢ is 
time and f(#) will be called the frequency function of the stimulus. /(¢) may be 
thought of as the ratio of the impulse frequency at any time to the maintained 
frequency, but the idea of an instantaneous “frequency” must be made more 
definite. Think of f(¢) for the moment as being simply a basic property of the 
system; its effect on the discharge will be shown as follows. f(¢) is a positive, 
continuous function, differing from unity only for the duration T of the re- 
sponse following the flash. The exact shape of f(¢) is not important here, but 
that shown in Fig. 1 is of a common type, consisting of an increase of fre- 
quency or “burst,” followed by a decrease, or “pause.”’ Let u(#) be the in- 
tegral of f(#): 


i 
hd te | fiz) dz, wf) = fd. (2) 
0 


In Fig. 1 6, w is plotted against ¢. Now construct an imaginary gamma process 
having # as time variable, 7.e. , is the time of occurrence of the mth impulse, 
and t%m41 — %, is distributed according to (1). Such a typical gamma process 
is sketched along the left border of Fig. 15. Each impulse of this gamma 
process is projected horizontally to the curve of u(#), and then vertically down- 
wards to locate the corresponding impulse in the nerve message erected along 
the taxis. Since the nerve message as constructed in this way is formed by a 
distortion of the time axis of a gamma process, it will be called a distorted 
gamma process. The momentary frequency, or rate at which the process un- 
folds in real time #, is proportional to u’(t)= f(t). If the stimulus were re- 
peated a large number of times, f(/) di = du would be proportional to the 
average number of impulses of the nerve message occurring in the time in- 
terval di. From this point of view, the average number of impulses in an in- 
terval du of the gamma process would be (k/a) du = (ku’/a) dt = (kf/a) dt, 
since k/a is the average frequency of the gamma process (1). This, however, 
is the same as the average number of impulses in the nerve message during 
the corresponding interval di, and kf(t)/a is therefore the frequency of the 
distorted gamma process at time /, when averaged over many repetitions of 
the same stimulus. Such average frequencies were calculated approximately 
from experimental data (FitzHugh, 1957), as the number of impulses in suc- 
cessive 10 msec. periods, averaged over the responses to 10 stimuli. The re- 
sulting curves of “average frequency,” if made with smaller time periods and 
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with more repetitions of the stimulus, would approach the average maintained 
discharge frequency times f(/). Therefore f(¢) is an experimentally measurable 
property of the nerve fiber and the stimulus used. f(¢) depends also on stimulus 
intensity, and it was found that the effect of an increase of intensity was to 
increase the amplitude of [/(#) — 1] without otherwise changing its general 
shape very much. 

The detailed physiological mechanisms in the retina responsible for the 
statistical properties of the discharge, as just described, are unknown. It 
still remains as a problem in sensory physiology to explain, in terms of the 
electrical properties and interactions of retinal neurons, how discharges with 
these statistical properties are generated. However, this paper is concerned 
with a different problem, namely what kind of a central neural receiver would 
theoretically be required to extract the maximum amount of information 
from such a discharge. 


Il 
THE ANALYSIS OF MESSAGES 
A. A Likelihood Filter 


The mathematical model just proposed provides a starting point for de- 
signing a device to analyze most effectively the messages in an axon. In any 
communication problem involving loss of information due to noise, there are 
various possible messages which can be sent through the communication sys- 


tem. Any of these will be distorted in a statistically unpredictable manner, 
so that in general, it is not possible to reconstruct the message originally sent 
with certainty from the message actually received. The probability that the 
received message would occur as a result of a given message sent is known as 
the likelihood of the message sent. Several methods of analysis of a received 
signal have been proposed, all of which are based on a comparison of the 
likelihoods of the various possible messages sent. The first stage in an ideal 
analyzing device for nerve messages is, therefore, a receiver which computes 
these likelihoods from the received message. The second step, that of analyz- 
ing the likelihood values in an attempt to reconstruct the original stimulus 
signal, depends on the particular (arbitrary) method of inference chosen, for 
example, the well known maximum likelihood method of R. A. Fisher, the 
likelihood ratio criterion of Neyman and Pearson (Cramér, 1951), the con- 
struction of the posterior distribution (Woodward, 1953), the maximum 
expected value criterion and other tests (Peterson, Birdsall, and Fox, 1954). 
The choice of a method of analysis of the likelihoods depends on how the in- 
formation is to be used rather than on the properties of the messages them- 
selves, and will not be considered in detail here. This paper will deal prin- 
cipally with the first step of the analysis, the computation of likelihoods, 
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which is common to all the above methods, but the maximum likelihood solu- 
tion will also be given in each case considered. 

Let t, be the time of occurrence of the nth impulse in an axon message, w 
the stimulus intensity, and P(t,; ¢,-1, w) the conditional probability distribu- 
tion of t,, given t,-1 and w. Then the likelihood function L(w) is defined as 
follows (Cramér, 1951):— 


N 
L(w) = TT Pltn tna, w) 
in which the product is taken over all impulses in the message. 
From the assumptions of the previous section, 
P(tn; tn—1, W) dln = P( ttn — thn—1) Atty 


= P(tn — thn-1)t6’(ty) dy 


k(t, —_ tn —1)2 16 Fin—en — ») 
r(a) 





P(t; ba, w) = Stn; w) 


N 


In L(w) = z, In P(ty; tn—1, @) 


= Nia ink — In F'(a)] 


N 
~ 2, [(@ — 1) In (tn — tn—1) — (ten — tens) + In f(tn; w)] 


(In denotes the natural logarithm. f(t; w) is the same as f(#) introduced earlier, 
except that its dependence on w as a parameter is made explicit.) By the 
theorem of the mean, 
tt, — U-1 = (te = bas) 06’ (t,,*) = (, — ba-s)f(tn*; w) 
in which 
bi S ie*® Stn 
Equation (3) becomes: 


N 
In L(w) = NK + 2, [(a — 1) In (t, — tea) + (@ — 1) In f(t,*; w) + In f,; w)] (4) 


— k(uy — t%) 
in which K is a constant. 
To simplify (4), make the approximation 
fltn*; w) = f(tn; w) 
Then 


N 
In L(w) = NK + 2, [(@ — 1) In (ty — tei) + a In f(tn; w)] — R(ew — tHe) (5) 
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The error in this approximation (5) is e’ (using the symbol /(¢) again for sim- 
plicity): 


N 
= @— 1) D lin fl) — in fed] 


N 
e” = (a — 1) & lin fe*) — In fev] 


N 
e’ — e” = (a — 1) & [ln fs) — In f(tn)] 


= (¢ — 1) [In f(@) — In f(ty)) 


If N is taken to be large enough, then #, will be almost always greater than 7, and 
since f(to) = f(tw) = 1, e’ = e”, and 


e’ +” N 
f= —— = @ — 1) & fin fn*) — § [ln fra) + In fltn)]} 


For a sufficiently smooth f(#), the second term inside the braces may be consid- 
ered as an interpolated approximation to the first term; if the difference between 
the first and second term is always less in absolute value than e, then 


\e’| < (a om 1)Mi«, 


in which MN, is the number of impulses lying in the interval between ¢ = 0 and 7, 
during which f(#) = 1. Usually | e’ | will be less than this; since some of the terms 
of the summation will be positive and some negative, they will tend to cancel each 


other. In any specific case the error of the approximation could be estimated from a 
few random samples. 


In order to reconstruct the stimulus by any of the methods mentioned above, 
it is necessary to compute L(w) from the nerve message, and to compare L(w) for 
all possible values of w. Three cases of stimulation will be considered. 


B. Detection of the Presence of a Known Flash 


This is the case of the “yes-no choice” experiment used by Blackwell (1953) 
and by Tanner and Swets (1954) for measuring visual thresholds in man. In 
this experiment, the subject must report whether or not a flash of light oc- 
curred at a certain instant (signalled audibly) and in a specified position in 
the visual field. He knows that the relative probabilities of a flash and a blank 
are equal, and that the flashes will all be of a fixed intensity (J). The stimulus 
intensity w equals zero for a blank and J for a flash. For w = 0, f(#) = 1, 
u(t) = t. From (4) and (5), 
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. 
In LO) = NK + Z (a — 1) In (ty — 4-4) — b (tw — &) 


N N 
in LU) = NK + Z (@ — 1) ln ( — tea) + @ Z In flty; 1) — k(uw — mo) 


Since w has only two possible values, 0 and J, all that is needed for the 
purpose of analysis is the value of the likelihood ratio R = L(I)/L(0): 


In R = In L(D) — In L(O) 
N 
=a Z In fits; 1) — k[(uw — tw) — (wo — &)| 


Choose the zero impulse to be the last one before the stimulus at ¢ = 0, 
and let NV be indefinitely large, so that ty > T nearly always. Then it appears 
from Fig. 1 that % = %; and k(uy — ty) is almost always equal to 


k[u(T) = T] _ R’, 


so that 
N 
In R = a D In f(ty; 1) — k’ (6) 


Because In f(t; Z) is different from zero only for 0 < ¢ < T, only the im- 
pulses occurring in that period will contribute to In R, no matter how large 
N is. Of the two terms on the right hand side of (6), only the first varies sta- 
tistically, k’ being constant for a fixed value of J. 

Expression (6) could be used to design a linear electrical filter which will 
automatically compute log R if the nerve message is fed into it. Assume that 
the output at time ¢ of the filter to a single input impulse at ¢ = 0 is 


[aln f(T — ¢; J}. 


Fig. 2 shows how the shape of this function is related to the frequency func- 
tion. From the form of the filter output following an impulse at zero time, it 
can be seen that the output following an impulse occurring at the time of the 
expected peak of frequency will be displaced to the right so as to have its 
maximum at time T. Thus a large filter output at T is evidence that many 
impulses have occurred during the expected burst and will support the hy- 
pothesis that a stimulus did occur at time zero. More precisely, for an input 
impulse at time v, the output is [a ln f(T — ¢ + »; J)] and if the input is a 
sequence of impulses at times 4, --- , ty, the output is 


N 
oD inf(T — ¢ +t; 1) 








684 NERVE MESSAGE ANALYZER 


The output at / = T will then be 


aS in fits; 1) () 


from which the likelihood ratio can be found by (6). The design of the filter 
requires a knowledge of f(/; 7) and of k’, and is therefore “matched” to a 
particular sensory fiber and to a particular stimulus. For the yes-no choice 
experiment, all that is necessary is to choose some criterion value R’ of R 
(according to the method of analysis used) and to report a flash seen when- 
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Fic. 2. Diagram of the properties of a likelihood filter designed to analyze the 
nerve discharge. The output of the filter to a single nerve impulse at ¢ = 0 is a In 
f(T-t); this curve is obtained by reversing the time axis of In /(#) in the interval ¢ = 
0 to T. The output at time T of the filter to a train of impulses is (In R) — K, in 
which R is the likelihood ratio and K a constant. If this quantity exceeds the cri- 
terion value, a flash is reported seen. 


ever R > R’ (or In R > In R’). For the maximum likelihood method, R’ = 1, 
In R’ = 0. 


C. Detection of the Time of a Known Flash 


The same filter can be used in a more complicated situation, in which a 
stimulus of fixed intensity is presented at an unspecified time to the subject, 
who must decide when it occurred. 
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Let ¢, be the time of the stimulus, which is specified to occur in the interval 
0 < t, < T’, in which T’ > T. The frequency function corresponding to this 
stimulus is f(¢ — é,). The likelihood L(é,) of the flash as a function of its time 
of occurrence is given by an expression similar to (5): 


N 
In L(t.) = NK + & [(o — 1) In ( — 4) + a In fll, — 4)] — Ru — mm) (9) 


N is taken large enough so that ty > T’ + T nearly always. The first term 
in the square brackets is independent of /,; so are uy and wo, since 
% = bh 0<4,<T’ 
t<0 


fo =f SE ty—t,>tw—T’>T 


tn tw—t, T 
uv = [ fe — Wat = [ sOa= | fart —7 
0 te 0 


Therefore, 
N 
In L(t.) = oz In f(t, — t) + K’ (10) 


in which K’ depends on the #,’s but not on 4,. 

From (7), the output of the filter at time ¢, + T is equal to the first term 
of (10) and the second term of (10) is constant for a given nerve message. 
Except for an added constant, therefore, the filter gives a continuous record 
of likelihood with a constant lag T, and from this record the time of occur- 
rence of the flash can be estimated. If the @ priori probability of the flash is 
constant through the interval from ¢ = 0 to 7’, the maximum likelihood 
method is applicable and the best estimate of é, is simply the time of the 
maximum output minus T. 


D. Detection of the Intensity of a Flash 


In this case the flash is presented at a specified time, but its intensity w 
can have values over a continuous range; a more complex analyzer will be 
required than for the previous cases. The nerve message could be analyzed 
by passing it through a large number of likelihood filters, each one matched 
to a particular value of w. These values of w would be spaced as closely as 
necessary to give the desired degree of resolution in estimating w. Then, for 
the maximum likelihood method of analysis, that value of w corresponding 
to the filter with the largest output at time T after the stimulus, would be 
chosen. However, a single likelihood filter will serve near threshold if certain 
assumptions are satisfied. Let 


In f(t; w) = g(DA(w) (11) 
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in which h(w) is an increasing differentiable function, 4(0) = 0, and g(é) is 
continuous and different from zero only when 0 < ¢ < T; g(é) is positive 
during a burst and negative during a pause. This assumption agrees reason- 
ably well with experimental frequency functions (FitzHugh, 1957). Then 
from (2) and (5): 


N tn 
In Liw) = a S clta(w) — & i] exp [g(t)h(w)] dt + K" 
n=l 0 


d N tn 
— In L(w) = h'(w) {« D> git.) —k [ g(t) exp [g(#)h(w)] a\ 
dw n=l A 


K” depends on the /,’s but not on w. If we further assume that g(t)-h(w) is 
always small compared to one (this limits the range of w), then 


tw 
| g(t) exp [g(A)h(w)] dt 
0 
tn 
* g()[1 + g(e)h(w)) dt 
0 


ty tn 
£ | g(t) dt + h(w) [ lets) at 
0 0 


= G, + G2h(w) 


in which G; and G are the integrals of g and g* from 0 to ty. 

The expression in braces in (12) is a decreasing function of w and can be 
zero at only one value of w. Since h’(w) is positive, d/dw In L(w) can be zero 
at only that same single value of w, and In L(w) has a maximum there. The 
maximum likelihood value of w is defined by setting the derivative of In 
L(w) equal to zero. From (12) and (13): 


N 
a Z Blt) = RG, + Grh(w)] 


. ideo é 
h(w) = G i 2, g(t.) — «| 


But the expression on the right differs only by an added constant and a 
scale factor from the output of a likelihood filter (8), as can be seen by choos- 
ing a reference intensity wo. From (11) and (14): 


In f(¢;0) 


g() = han) 


up a 4) 2. Oo eee 
wr Ga | khlen) Inj 
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The maximum likelihood value of w is that value of w for which equation 
(15) is satisfied. #(w) could be found from the output of the likelihood filter 
by subtraction and multiplication, and then w obtained by passing the re- 
sulting signal through a non-linear filter giving as output the inverse func- 
tion of h(w). Since h(w) is an increasing function, this inverse operation is 
single valued; therefore a device could in principle be built to estimate from 
a nerve fiber message the maximum likelihood intensity of a near threshold 
stimulus, if the assumptions mentioned hold. 


IV 
DISCUSSION 


The use of a frequency function to represent the distortion of the time scale 
of the maintained discharge was found to be the simplest way to introduce the 
effect of a stimulus, but this “time-distortion process” contains some inherent 
assumptions which may not correspond to physiological reality. Since the fre- 
quency function f(#) is determined by the stimulus and in turn determines the 
statistical properties of the discharge, it forms an intermediate step in the 
model, separating a causally determined process from a statistical one. In the 
first process the message is coded without loss of information into a form 
suitable for neural transmission, namely f(/), the running average frequency of 
impulses, while the second introduces, in the impulse intervals, the statistical 
variations which destroy information. However, it is not claimed that these 
two stages correspond to separate physical processes in the retina; they have 
been separated only to simplify the theoretical analysis. It would, of course, be 
desirable to test in detail the statistical properties of the distorted gamma proc- 
ess against those of the actual fiber discharge following a flash. Unfortunately 
this would be much more difficult than for the plain gamma process representing 
the maintained discharge, since to sample adequately the properties of a brief, 
time variable response to a stimulus occurring once a second would require the 
analysis of a long record of the discharge, lasting for many minutes. But slow 
changes of threshold or average frequency over this time would probably make 
the results useless. Finally, the complex processes in the retina may not be 
subject simply to a uniform speeding up or slowing down, following a stimulus, 
as is implied by the use of a single frequency function. 

The principal result of this analysis is the idea of a flexible neural analyzer 
which is matched to any stimulus expected by the subject, instead of one fixed 
all purpose device. Such an adaptable analyzer is moreover suggested by the 
effect of experience and motivation on visual thresholds in human subjects 
(Hecht, Shlaer, and Pirenne, 1942; Blackwell, 1953). 

The theoretical analyzer described here is the most efficient one for extracting 
information from the nerve message, but the actual central neural analyzer may 
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not work on the same principle. However, the high efficiency of visual detection 
near threshold suggests that it may be worth while to look for a mechanism of 
this sort in the brain. If noise in the optic nerve messages is an unavoidable 
result of increasing the sensitivity and amplification of the retina, genetic 
changes tending to increase the efficiency of statistical analysis of these noisy 
messages would have survival value. 

The analyzing process does not necessarily take place all at one site in the 
brain. The results of experiments on the excitability cycle of ganglion cells in 
the lateral geniculate suggest the possibility that they function as likelihood 
filters, each of which has postganglionic impulse frequency as its output vari- 
able. It has been pointed out above that impulse frequency is not a continuous 
function of time, except when averaged over many discharges, but it may be 
transformed, approximately, into such a function by a suitable mathematical 
or physical filtering process which counts or averages impulses over a short 
interval of time past. Such a smoothing filter would differ from the likelihood 
filter by having a much briefer and less complicated response to a single im- 
pulse as input. With this reservation, impulse frequency will be considered 
below as a possible output variable of a likelihood filter. 

Marshall and Talbot (1941) and Marshall (1949), recording from the lateral 
geniculate of the cat, found that a single volley in the optic nerve of the anes- 
thetized cat was followed by a period of supernormal excitability, as evidenced 
by summation or recruitment, lasting about 30 msec., followed by a subnormal 
phase lasting for seconds, with a peak at 50 to 70 msec. Bishop, Jeremy, and 
McLeod (1953) found that ganglion cells in the dorsal nucleus of the lateral 
geniculate of lightly anesthetized cats responded repetitively to a single volley 
of impulses in the optic nerve. They attributed this phenomenon to prolonged 
internuncial activity and suggested that the nucleus may function as an inte- 
grating center rather than simply as a relay station for optic nerve impulses. 
The repetitive activity disappeared after a previous tetanization of the optic 
nerve, showing that the excitatory effect of a presynaptic volley is followed by a 
later inhibition. Thus the excitability changes of the postsynaptic network 
following a single presynaptic volley are qualitatively similar to the output of 
one possible type of likelihood filter. It is true that for a presynaptic tetanization 
of as low a frequency as 2/sec. the inhibitory effect prevailed and eliminated 
the repetitive response, but the experiments were done under anesthesia, and a 
deeper anesthesia abolished all repetitive activity. It is therefore possible that 
with no anesthesia at all, the excitatory component would be relatively stronger, 
and that the temporal pattern of discharge from the lateral geniculate repre- 
sents, in the form of a frequency modulated train of impulses, the output of a 
likelihood filter. This idea might be tested on an unanesthetized preparation as 
follows. Either allow the maintained discharge from the intact eye to supply 
optic nerve activity, or tetanize the optic nerve at a frequency of 20 to 80/sec., 
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with the eye removed. Record from a single ganglion cell in the lateral genicu- 
late. Add a single impulse volley to the optic nerve activity through stimulating 
electrodes (or, add a brief, high frequency burst, to increase the effect). The 
time course of postsynaptic impulse frequency (minus the constant maintained 
postsynaptic frequency) represents the output of the “filter” to a single added 
impulse as input. It is necessary to add the single impulse to a maintained dis- 
charge, instead of applying it alone, in order to allow for possible large scale 
non-linearities by working at the physiological “operating point” of the system. 
Then, by using the formulas developed in this paper (i.e., by taking the inverse 
logarithm and reversing the direction of time in the output function), one 
could reconstruct the frequency function to which the postsynaptic cell, acting 
as a likelihood filter, is matched. It would also be necessary to test whether the 
filter were locally linear, since the likelihood filter is assumed to be linear. 
(Compare the behavior of a vacuum tube, which can show a satisfactory local 
linearity in spite of large scale non-linearities.) For this it would be necessary 
to add two or more impulses at various times to the maintained discharge, and 
find out whether the resulting curve of change of frequency versus ¢ is the same 
as that predicted by adding together the separate curves corresponding to each 
added impulse. Also, if a tetanization is applied artificially to the optic nerve, 
impulses could be subtracted from the discharge, rather than added to it. 

Of course, even if such experiments showed that the ganglion cells in the 
lateral geniculate had properties like those of a likelihood filter, it would still 
be necessary to test their behavior following visual stimulation near threshold. 
Briefly, one would have to find out whether the frequency of such a cell, 
evaluated at some fixed time following a flash, provided a sensitive “index of 
response,” as discussed in detail by FitzHugh (1957). The nerve discharges 
could probably best be analyzed with an electronic device for displaying im- 
pulse intervals on the screen of a cathode ray oscilloscope, as described by 
MacNichol and Jacobs (1955). The index of response would be provided by a 
burst of impulses appearing after a stimulus and having a higher signal-to- 
noise ratio and a briefer duration than the discharges in the optic nerve fibers. 
Its function would be to transform by temporal integration (not in the mathe- 
matical but in the physiological sense) the variations in frequency spread over 
many impulses into a more distinct postsynaptic frequency change having a 
shorter duration and containing only the useful information, in the form of the 
likelihoods of possible alternative stimuli, of the presynaptic message. 

If a likelihood filter could not be found in the geniculate, it is possible that 
one could be found in the cortex, by experiments similar to those just described. 

As shown earlier, the likelihood filter must be matched to the frequency 
function resulting from a particular stimulus form. Any experimental investiga- 
tion of such a mechanism must therefore take into account the possible varia- 
bility of its properties, so as to detect different stimuli, as the result of higher 
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nervous activities such as motivation and experience. The properties of a 
likelihood filter in the lateral geniculate, for instance, might depend on the 
activity of descending fibers from the cortex. 

An important restriction of this paper is the consideration of the messages in 
only a single optic nerve fiber. The process leading to a subjective impression of 
a stimulus actually involves the simultaneous analysis of many axon messages, 
in which the contribution of one axon is affected by the messages in the other 
axons, leading to the perception of spatial patterns as well as of light intensities, 
Nevertheless the present analysis may be applicable when the stimulus is a 
large spot and many neighboring retinal ganglion cells are behaving similarly, 

The likelihood filter, with its weighting function (response to an impulse) 
equal to In f(7-i), resembles the filter matched to a radar pulse described by 
Woodward (1953) and others. These radar filters have a weighting function 
which is proportional to the expected signal itself, rather than the logarithm, 
but even this difference is mathematically reasonable, since In f(#) has the 
theoretical range (— © to «) while f(t) has the range (0 to ~) as does the 
radar message. 

In an experimental paper (FitzHugh, 1957), the index of response was taken 
as the number of impulses occurring within a certain critical period following 
the flash. This rather rough and arbitrary procedure appears more reasonable 
in the light of the present results. The index used can be considered to be pro- 
portional to the output of a hypothetical likelihood filter in which the smooth 
function In f(?) is approximated by a single rectangular pulse and is satisfactory 
only to the degree of this approximation. A more accurate way to analyze such 
records is provided by the present paper, namely the calculation of likelihoods 
from a single nerve fiber message and from the experimental frequency function 
obtained from an ensemble of such nerve messages. An electric filter might, in 
fact, be built to analyze messages during an experiment, but would probably 
not be practical unless a rapid way to measure the frequency function of the 
unit and to adjust the response of the filter to match it could be found. 

The questions of what features of a noisy message in an axon are most 
important for sensory communication, and how the brain might operate on 
this message so as to extract the most information from it, have previously 
been studied for the infrared receptor of the rattlesnake by Bullock (1956). 
Bullock’s suggested mechanism for analyzing nerve fiber messages is con- 
cerned principally with correcting for slow drift in the maintained frequency, 
which in the present paper has been assumed constant. On the other hand he is 
less specific about the precise time course of the transient frequency change in 
the response, and simply specifies a mechanism “integrating the frequency over 
some short time just past.” A more complete model could undoubtedly be 
worked out which would include both aspects of the problem. 

The statistical approach used in this paper is applicable only to sensory 
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systems in which the principal limitation to detection is noise in the form of 
fluctuations in the time of occurrence of impulses. The maintained discharge 
from the eye of Limulus (Hartline, Wagner, and MacNichol, 1952) and from 
the stretch receptor of the crayfish (Kuffler, 1954; Eyzaguirre and Kuffler, 
1955) under constant stimulation, for instance, are much more regular than in 
the cat, while statistical studies of responses near absolute threshold in Limu- 
lus are concerned with the presence or absence of single impulses, in the ab- 
sence of maintained activity (Hartline and MacDonald, 1947). Different meth- 
ods of analysis may therefore be more appropriate for other types of sensory 
messages. 

This paper has been written in the belief that the implications of the experi- 
mental finding of statistical variations in optic nerve messages should be 
theoretically explored. It attempts to provide a basis for investigating the 
efficiency of analysis of nerve messages in the visual system by comparing it 
with a theoretical analyzing system having the maximum possible efficiency. 
The specific suggestions regarding possible analyzing mechanisms in the lateral 
geniculate, in particular, will probably turn out to have been quite naive, but 
it is hoped that this paper may stimulate productive application of commu- 
nication theory to the largely unknown processes of detection and integration 
in the sensory nervous system. 


Part of this work was done in the laboratory of Dr. S. W. Kuffler in the Wilmer 


Institute and was supported by a grant from the National Institutes of Health, United 
States Public Health Service. In its early stages the writer benefited greatly from 
discussions with Dr. H. B. Barlow. 
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ABSTRACT 


Potassium retentivity and survival of yeast were studied after exposure to various 
kinds and conditions of irradiation. The radiations used were: 2537 A ultraviolet, 
3500 to 4900 A long-ultraviolet and short visible, and 250 kvp' x-rays. Both potassium 
retentivity and survival are decreased by these radiations. The dose-response of 
survival is about 16 times as sensitive as is potassium retentivity after 2537 A irradi- 
ation. Potassium retentivity is about twice as sensitive as survival after irradiation 
of 3500 to 4900 A. Survival after x-irradiation under aerobic conditions is five times as 
sensitive as potassium retentivity. Survival of cells irradiated with x-rays under 
anaerobic conditions was about half as sensitive as under aerobic conditions. The re- 
sponse of potassium retentivity to x-radiation at 25°C. under anaerobic conditions is 
only slightly affected below 160 kr, at which dose the slope abruptly increases to that 


obtained under aerobic conditions; lowering the temperature to 0°C. moves this point 
to about 300 kr. These differential effects are indicative of interaction of radiations 
with the yeast cell at sites that independently control survival and the retention of 
potassium. 


INTRODUCTION 


Previous studies (Bair e? al., 1956) demonstrated that x-irradiation results 
in a decrease in the ability of the yeast cell to retain potassium. The response 
of this alteration was an exponential function of dose with a 50 per cent de- 
crease in retentivity at about 60,000 r. A similar dose-response curve is found 
for the survival of yeast (Beam ef al., 1954), although the 50 per cent level 
is reached at a considerably lower dose. The site of interaction of radiation 
that results in cell death is considered to be nuclear (Lea, 1955). Substrate and 
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New York, May, 1957. 
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temperature studies (Bruce and Stannard, 1957 a, 1957 5) suggest that radj- 
ation brings about an uncoupling of metabolic processes involved in active 
potassium transport. Such an alteration could either result from the inter. 
action of radiation directly on some component of the cell surface involved 
in potassium exchange, or be mediated through an effect on the cell nucleus, 
that is in turn manifested by changes of the cell surface. This study was under- 
taken to determine whether the changes in potassium retentivity result from 
initial nuclear events, which would also be reflected in cell viability, or involve 
independent processes. If a direct relation between viability and retentivity 
of cellular potassium exists, the response of the cell to various radiations and 
conditions of irradiation would be expected to produce a similar effect on 
both criteria of radiation damage. 


Materials and Methods 


Suspensions of fresh, starved, bakers’ yeast (Standard Brands) were exposed 
aerobically at 25°C. either to ultraviolet radiation of wave length 2537 A, to near. 
ultraviolet and short-visible radiation of wave length 3500 to 4900 A, or to x-radiation 
under oxygen or nitrogen. Control samples were manipulated similarly without being 
irradiated. For each type of radiation, dose-response curves of potassium retentivity 
and survival were determined. In addition, retentivity was studied after x-irradiation 
at 0°C. 

Potassium loss was determined by the column elution technique (Rothstein and 
Bruce, 1957; Bruce and Stannard, 1957 b), with 500 mg. of yeast per column. This 
method permits the measurement of potassium efflux into a constant external environ- 
ment. Samples were collected from the columns at 15 minute intervals with distilled 
water adjusted to pH 3.5 as the eluant, concentrated, and analyzed by flame photom- 
etry. The percentage of normal potassium retentivity is determined from the ratio of 
slopes of efflux from control to irradiated yeast over the period of measurement, usually 
2 hours. Measurements of leakage were initiated within a half-hour after the termi- 
nation of irradiation. Viability of the yeast was determined by surface-plating on po- 
tato-dextrose-agar (Difco) at pH 3.5 immediately after irradiation and scoring after 
6 days’ incubation at 25°C. 

Since the phenomenon of photoreactivation is demonstrable in this organism after 
2537 A irradiation (Warshaw, 1952; Dulbecco, 1955), its possible influence on these 
measurements was determined. After exposure to 2537 A radiation, a subsequent 
exposure to radiation of 3500 to 4900 A was given to a cell suspension and compared 
with the effect of either radiation alone. For this determination, 17 minutes of 2537 
A radiation was used when potassium retentivity was to be measured, and 4 minutes 
for survival. The 3500 to 4900 A was given for 15 minutes for measurements of potas- 
sium retentivity, and for 5, 15, and 30 minutes for survival. Such exposures were 
chosen for placement of determinations within a measurable range of values. Manipu- 
lations were carried out under a yellow light of low intensity in this experiment and in 
all determinations of survival after 2537 A irradiations to prevent uncontrolled 
photoreactivation. 
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Radiations 

2537 A.—The 2537 A irradiations were carried out in a 17 cm. crystallizing dish 18 
cm. from a General Electric 15 watt germicidal lamp. The yeast suspension was 
4 mg./ml. (wet weight). It was bubbled vigorously with air and stirred with two 
magnetic stirrers during irradiation. 

3500 to 4900 A.—Four General Electric H-5 lamps were utilized for a source of 
near-ultraviolet and short-visible radiation. The yeast suspensions of 20 mg./ml. 
(wet weight) (4 mg./ml. for photoreactivation studies) were placed in pyrex tubes of 
33 mm. diameter and bubbled with air for prevention of settling during irradiation. 
The sample tube was placed at the center of a constant temperature bath, 10.3 cm. 
in diameter, through which 10 per cent (w/v) copper sulfate solution was circulated to 
act as a filter and to maintain the sample at 25°C. The lamps provided with two Corn- 
ing glass filters (Nos. 5850 and 7380) attached to the housings were equally spaced 
about the sample on a circle of 25 cm. diameter. The physical characteristics of this 
radiation are assumed to be similar to those described by Hollaender (1943). 

X-rays.—The source of x-rays was a General Electric maxitron x-ray unit operated 
at 250 kvp and 30 ma., filtered with 1 mm. of added aluminum. Yeast suspensions of 
20 mg./ml. (wet weight) were exposed in a Petroff type pyrex culture flask, bubbled 
vigorously with either oxygen or nitrogen, and placed in a controlled temperature 
water bath constructed of 7 mm. lucite and attached to the x-ray machine. The 
distance from the target to the center of the sample was 11.3 cm. 

Dosimetry.—The incident intensity of the 2537 A lamp was measured with a meter 
designed and calibrated by Latarjet e al. (1953) and was 100 ergs/mm.’? sec. The 
incident intensity from the source of 3500 to 4900 A was determined by actinometry 
with uranyl sulfate (Bowen, 1946) to be about fifty times that of the 2537 A source.” 
Dosimetry of the x-radiation was by the ferrous sulfate system (Hochanadel and 
Ghormley, 1953) with the oxidation of ferrous ion assayed by titration with potassium 
dichromate to the end point of diphenylamine. The dose rate was determined to be 
4100 r.e.p./min. 


RESULTS 


The response of yeast to all radiations investigated involves a decrease in 
the ability of the cell to retain potassium and a decrease in survival. All curves 
were plotted semilogarithmically. Fig. 1 shows the responses to 2537 A ultra- 
violet light. Potassium efflux rates in the control samples averaged 6.0 mm/kg. 
of yeast per hour. Survival is far more sensitive to this wave length than is 
potassium retentivity.* The shapes of the curves are not exponential, survival 
curving upward at higher doses and potassium retentivity downward. Meas- 
urement of potassium retentivity could not be carried beyond an exposure 


* The calibration of the 2537 A and the 3500 to 4900 A sources was kindly carried 
out by Dr. J. Jagger of this laboratory. 

* Although the ultimate survival of the cells drops off rapidly with dose, at the time 
of measurement of potassium retentivity the cells are metabolically active. 
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of 20 minutes since flow rates through the columns became much lower at 
this point and the resulting pH «cross the column changed (see Bruce and 
Stannard, 1957 6). The packed celi volume was determined after such a dose 
by a hemotocrit type of technique and showed a larger cell volume than for 
the controls. 
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Fic. 1. Dose-response curves for 2537 A irradiation. 


After exposure to radiation of 3500 to 4900 A, potassium retentivity is about 
twice as sensitive as is survival, as shown in Fig. 2. The response of survival is 
about exponential, although that for potassium retentivity curves downward 
at higher doses. In terms of absolute sensitivity, the 3500-4900 A radiation is 
far less efficient in producing effects on either measured process, being only 
goo and ooo as effective as 2537 A radiation for potassium retentivity and 
survival respectively. 

The phenomenon of photoreactivation was present to a slight extent when 
the criterion was survival, but not when it was potassium retentivity. In fact, 
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the additional “reactivating” exposure brought about a further decrease in 
potassium retentivity. A dose of 2537 A radiation (17 minutes’ exposure) 
gave 62 per cent of normal potassium retentivity. When followed by a re- 
activating exposure to radiation of 3500 to 4900 A (15 minutes), the retentivity 
was further reduced to 51 per cent of normal. The radiation of 3500 to 4900 A 
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Fic. 2. Dose-response curves for 3500 to 4900 A irradiation. 


alone gave 82 per cent of normal potassium retentivity. An exposure to 4 
minutes of 2537 A radiation reduced survival to 0.95 per cent. When this 
was followed by reactivating exposures of 5, 15, and 30 minutes, progressively 
increasing survivals of 0.98, 1.2, and 1.6 per cent, respectively, were obtained. 
Exposure to 3500 to 4900 A (15 minutes) alone gave 85 per cent survival. 
Survival is an exponential function of x-ray dose fer this strain of yeast, 
regardless of whether oxygen or nitrogen is present during irradiation at 25°C. 
The 50 per cent survival level is reached at 12 kr in oxygen and at 30 kr in 
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nitrogen as shown in Fig. 3. This differential response was found in a number 
of organisms (Hollaender e¢ a/., 1951; Burnett e¢ al., 1951). This simple rela- 
tion was not obtained for potassium retentivity, as is shown in Fig. 4. Irradi- 
ation in oxygen yields an exponential response with the 50 per cent inactivation 
at about 60 kr. Irradiation in a nitrogen atmosphere not only changes the 
sensitivity of the response but also changes it to a sigmoidal relation. Lower- 
ing the temperature to 0°C. during irradiation shifts the response under nitrogen 
to considerably higher doses than when carried out at 25°C. Little, if any 
difference between response at 0° or 25°C. is observable if irradiation is carried 
out in the presence of oxygen. 

The absolute rate of potassium efflux from the control yeast was altered 
as a result of treatments of temperature and atmosphere for time periods 
equal to exposure times. In oxygen at 25°C. the rate was 6.1 + 0.8 (standard 
deviation) mm/kg./hr., while at 0°C. it was 6.8 + 0.5 mm/kg./hr. After nitro- 
gen treatment at 25°C. the rate was 8.0 + 0.4 mm/kg./hr., while at 0°C. it 
was raised to 12.1 + 0.8 mm/kg./hr. It should be noted that all measurements 
were carried out under aerobic conditions at 25°C. following the various treat- 
ments. Irradiated samples gave efflux rates ranging from that of the controls 
to approximately 40 mm/kg./hr. depending on the dose of radiation and the 
conditions under which it was carried out. 


DISCUSSION 


The comparative effect on potassium retentivity and survival is different 
for each change in the conditions of irradiation. The dose required to reduce 
each criterion of radiation damage to 50 per cent of normal is shown in Table 
I. The sensitivity of survival is seen to vary from 0.5 to 16 times that of po- 
tassium retentivity, depending on conditions. These differential effects are 
indicative of interaction of radiations with the yeast cell at sites that inde- 
pendently control survival and the retention of potassium. 

Although the study of photoreactivation was undertaken mainly to determine 
whether measurements of potassium efflux had to be carried out under altered 
lighting conditions, the results further support the hypothesis that independent 
processes are involved in the manifestation of damage to the two systems 
studied. The conditions used were obviously not optimal for photoreactivation 
since the increase in survival was so small in comparison with the results of 
Warshaw (1952). This is caused by the limitations imposed by the high con- 
centration of yeast required for potassium measurements. In spite of sub- 
optimal reactivating conditions, the finding of effects in opposite directions 
for the two phenomena is a strong argument in favor of separate processes. 

The loss of potassium by irradiated cells may have an effect on their be- 
havior when studied on plates as in the assay of viability (see Rothstein and 
Demis, 1953). Studies by Bair and Stannard (1955 a, 1955 5) on the influence 
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of removal of potassium from normal and irradiated yeast by treatment with 
the cation exchange resin Dowex 50 revealed a lower metabolic rate, as meas- 
ured by gas exchange, in the irradiated cells than in the controls. If potassium 
was restored to the cells, the metabolic rate of the irradiated cells approached 
that of the controls. This would be expected to result in a lengthened lag time 
for the formation of visible colonies from irradiated cells, as was found for 
growth in liquid culture. In the present experiments, as in those involving 
ultraviolet irradiation, irradiated yeast exhibited delayed colony formation 
(see also Hollaender and Duggar, 1937, 1938) requiring 5 to 6 days for a maxi- 
mum of visible colonies rather than 2 days as in the controls. The loss of po- 
tassium may not be the only factor contributing to this behavior since, in 
preliminary experiments, the addition of potassium to the medium (to 0.2 ™) 


TABLE I 
Effect of Various Radiations on Potassium Retentivily and Survival 





Dose for 50 per cent of control value 
Radiation (at 25°C.) | 





Survival (S) | Retentivity (R) 








1 min. | 16 min. 16 
| 96 min. 0.5 

X-radiation (O2) 60 kr 5 
X-radiation (N:) | | 180 kr 6.5 











resulted in a lower rather than higher colony count after 3500 to 4900 A 
irradiation. 

The high protection afforded the system responsible for potassium reten- 
tivity by x-irradiation in nitrogen as compared with oxygen, in contrast to 
survival, requires an explanation. Several possibilities exist in this respect: 
(1) The curves as shown could represent a multiple hit type of phenomenon 
in nitrogen. An extrapolation according to the Atwood and Norman (1949) 
analysis yields hit numbers from about 10 to 100, depending on the fitting 
of the experimental points and the temperature at which irradiation was car- 
ried out. Such values do not correspond to any known biological entity in- 
volved in potassium exchange, and the variation with temperature during 
irradiation renders this type of analysis invalid. (2) During anaerobic 
metabolism, compounds possessing considerable reducing potential (Conway 
and Kernan, 1955) are known to accumulate. Such compounds may act as 
“protective” substances. Burnett ef al. (1951) and Alexander et al. (1955) 
demonstrated protection by ethanol and cysteamine. The shapes of the curves 
are indeed what would be expected for a limiting quantity of such a compound; 
i.e., protection until the quantity of material present is exhausted by reac- 
tion with oxidizing products of the irradiation followed by an inactivation 
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at the rate of the unprotected system. The temperature data, however, do 
not support such a conclusion since increased temperature would be expected 
to yield a greater quantity of this protective material and result in a displace- 
ment of the sharply dropping portion of the curve to higher doses. Instead, 
the higher temperature displaces the curve to lower doses. (3) A change in 
slope could result if the curve for irradiation in nitrogen is not caused by an 
effect on a single system, but rather by two processes contributing to the re- 
tention of potassium. At the lower dosage levels, the potassium loss could be 
through the system primarily responsible for monovalent cation retention, 
although at the higher doses a more general damage to the membrane could 
result, releasing a number of intracellular constituents, including potassium. 
Microscopic examination of the cells after high doses delivered in nitrogen 
and preliminary studies on the dose-response of the loss of 260 my absorbing 
material and amino acids by methods similar to those used by Billen (1957) 
do not substantiate this explanation. The appearance of the cells is normal. 
Both 260 my absorbing material and amino acids are lost, but the dose-response 
to x-rays under nitrogen does not correspond to that for potassium retentivity. 
Further studies are in progress and projected that, it is hoped, will test the 
previously mentioned hypotheses and elucidate the behavior of the system 
responsible for potassium retention in the yeast cell in response to irradiation 
under anaerobic conditions. 


The author wishes to express his appreciation to Dr. Alexander Hollaender, Dr. G. 


E. Stapleton, and Dr. H. I. Adler of this laboratory for their interest and help in this 
investigation. He also would like to thank Dr. Hollaender for making the facilities of 
the laboratory available for this work. 


REFERENCES 


Alexander, P., Bacq, Z. M., Cousens, S. F., Fox, M., Herve, A., and Lazar, J., Mode of 
action of some substances which protect against the lethal effects of X-rays, 
Radiation Research, 1955, 2, 392. 

Atwood, K. C., and Norman, A., On the interpretation of multi-hit survival curves, 
Proc. Nat. Acad. Sc., 1949, 35, 696. 

Bair, W. J., and Stannard, J. N., Effect of starving and Dowex 50 treatment on growth 
of normal and x-irradiated yeast, J. Gen. Physiol., 1955 a, 38, 505. 

Bair, W. J., and Stannard, J. N., Role of electrolytes and starvation in altering ap- 
parent radiosensitivity of bakers’ yeast, J. Gen. Physiol., 1955 b, 38, 493. 

Bair, W. J., Stannard, J. N., and Bruce, A. K., Relationship between electrolytes and 
radiation effects on cell metabolism, in Peaceful Uses of Atomic Energy, Proc. 
Internat. Conf., Geneva, August, 1955, New York, United Nations, 1956, 11, 292. 

Beam, C. W., Mortimer, R. K., Wolfe, R. G., and Tobias, C. A., The relation of 
radioresistance to budding in Saccharomyces cerevisiae, Arch. Biochem. and 
Biophysics, 1954, 49, 110. 





702 POTASSIUM RETENTIVITY AND SURVIVAL 


Billen, D., Modification of the release of cellular constituents by irradiated Escherichia 
coli, Arch. Biochem. and Biophysics, 1957, 67, 333. 

Bowen, E. J., The Chemical Aspects of Light, Oxford, The Clarendon Press, 2nd 
edition, 1946, 282. 

Bruce, A. K., and Stannard, J. N., The effect of temperature on potassium transfer in 
irradiated yeast, J. Cell. and Comp. Physiol., 1957 a, in press. 

Bruce, A. K., and Stannard, J. N., The effect of X-irradiation upon potassium re- 
tentivity of yeast, J. Cell. and Comp. Physiol., 1957 6, in press. 

Burnett, W. T., Jr., Stapleton, G. E., Morse, M. L., and Hollaender, A., Reduction 
of X-ray sensitivity of Escherichia coli B/r by sulfhydryl compounds, alcohols, 
glycols, and sodium hydrosulfite, Proc. Soc. Exp. Biol. and Med., 1951, 77, 636. 

Conway, E. J., and Kernan, R. P., The effect of redox dyes on the active transport of 
hydrogen, potassium and sodium ions across the yeast cell membrane, Biochem. 
J., 1955, 61, 32. 

Dulbecco, R., Photoreactivation, im Radiation Biology, (A. Hollaender, editor), 
New York, McGraw-Hill Book Co., Inc., 1955, 2, 455. 

Hochanadel, C. J., and Ghormley, J. A., A calorimetric calibration of gamma-ray 
actinometers, J. Chem. Physics, 1953, 21, 880. 

Hollaender, A., Effect of long ultraviolet and short visible radiation (3500 to 4900 A) 
on Escherichia coli, J. Bact., 1943, 46, 531. 

Hollaender, A., and Duggar, B. M., The growth response of yeast exposed to mono- 
chromatic ultraviolet radiation, J. Bact., 1937, 38, 16 (abstract). 

Hollaender, A., and Duggar, B. M., The effects of sublethal doses of monochromatic 
ultraviolet radiation on the growth properties of bacteria, J. Bact., 1938, 36, 
17. 

Hollaender, A., Stapleton, G. E., and Martin, F. L., X-ray sensitivity of E. coli as 
modified by oxygen tension, Nature, 1951, 167, 103. 

Latarjet, R., Morenne, P., and Berger, R., Un appareil simple pour le dosage des 
rayonnements ultraviolets mis par les lampes germicides, Ann. Inst. Pasteur, 
1953, 85, 174. 

Lea, D. E., Actions of Radiations on Living Cells, New York, Cambridge University 
Press, 2nd edition, 1955, 316. 

Rothstein, A., and Bruce, M., The potassium efflux and influx in yeast at different 
potassium concentrations, J. Cell. and Comp. Physiol., 1957, in press. 

Rothstein, A., and Demis, C., The relationship of the cell surface to metabolism. The 
stimulation of fermentation by extracellular potassium, Arch. Biochem. and 
Biophysics, 1953, 44, 18. 

Warshaw, S. D., Effect of ploidy in photoreactivation, Proc. Soc. Exp. Biol. and Med., 
1952, 79, 268. 





RESPIRATORY METABOLISM OF NORMAL AND DIVISIONLESS 
STRAINS OF CANDIDA ALBICANS* 


By JOHN M. WARD{ anp WALTER J. NICKERSON 
(From The Institute of Microbiology, Rutgers University, New Brunswick) 


(Received for publication, August 30, 1957) 


ABSTRACT 


Respiration of a normal strain of Candida albicans was compared with that of a 
divisionless mutant which has a biochemical lesion such that metabolically generated 
hydrogen “spills over,” during growth, for non-specific dye reduction. This waste is 
not at expense of growth, since both strains grow at essentially similar rates, nor at 
expense of respiration, since the mutant reduces oxygen more rapidly than the nor- 
mal strain. Respiration in both strains is qualitatively similar, and seemingly unique 
among highly aerobic organisms in that it is not mediated by cytochrome oxidase. 
In resting cells of both strains, respiration is not only resistant to, but markedly 
stimulated by, high concentrations of cyanide, carbon monoxide, and azide. In con- 
trast, growth of these yeasts is inhibited by low concentrations of cyanide and azide. 

Cytochrome oxidase could not be detected in cell-free preparations; reduced cyto- 
chrome ¢ was not oxidized by such preparations. Cytochrome bands could not be ob- 
served in thick cell suspensions treated with reducing agents. However, incorporation 
of superoptimal levels of zinc and iron into,the culture medium resulted in growth of 
cells possessing distinct cytochrome bands; respiration of these cells remained in- 
sensitive to cyanide, monoxide, and azide, and the bands were maintained in a re- 
duced form on oxygenation. 

In the divisionless yeast, tetrazolium dyes compete with oxygen for reduction; 
this is not the case in the normal strain. The firmness with which hydrogen transfer 
is channeled in the latter for reduction of disulfide bonds (of importance in the divi- 
sion mechanism) and of oxygen, is contrasted with the lack of such control in the 
mutant. 


INTRODUCTION 


Previous work in this laboratory has shown that a divisionless filamentous 
mutant of a yeast Candida albicans is genetically blocked at a reductive step 
in such a manner that metabolically generated hydrogen spills over, during 
growth, for non-specific dye reduction (Nickerson, 1954). This “spill over” 
is not at the expense of demands for growth, since synthesis of cell mass is 
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equally rapid in mutant and normal strains. Resting cells of the mutant rapidly 
reduce tetrazolium compounds (and dyes with redox potentials down to about 
—0.150 v.) by their endogenous metabolism. Resting cells of the normal strain 
carry out such reductions only in the presence of a powerful metal chelating 
agent. The presence of such an agent in a growing culture of the normal 
strain induces dye reduction and inhibits cell division. In view of these facts, 
the biochemical lesion in the genetically blocked strain has been postulated 
to lie in the alteration of a metallo-flavoprotein (which normally catalyzes the 
reduction of some ‘“‘hydrogen acceptor participating in cellular division’) to 
a diaphorase which catalyzes non-specific dye reductions. 

The experiments reported in this paper constituted part of an effort to 
identify the block in hydrogen transport that is responsible for loss of division 
in this yeast, and deal with the terminal respiratory metabolism of C. albicans. 
The findings demonstrate conclusively that the “waste” of reductive capacity 
in the divisionless strain is not at the expense of respiratory capacity, since 
the mutant reduces oxygen even more rapidly than does the normal strain. 
The findings, furthermore, preclude the operation of cytochrome oxidase as a 
functional terminal oxidase in either the normal or mutant strain. In all likeli- 
hood, the reduction of oxygen is mediated in these yeasts by flavoprotein 
oxidases. However, despite the absence of a functional cytochrome oxidase 
system, the synthesis of cytochrome can be induced in C. albicans by inclusion 
of superoptimal levels of zinc in the culture medium. 


EXPERIMENTAL 
Materials and Methods 


Microbiological Methods—The procedures employed in characterizing Candida 
albicans (strain 582) and its filamentous mutant (strain 806), have been described 
(Nickerson and Chung, 1954). Unless otherwise stated, cells employed in mano- 
metric experiments were grown in a liquid medium (designated medium 2) of the 
following composition per liter: glucose, 20 gm.; ammonium sulfate 3.0 gm.; KH:PO,, 
3.0 gm.; CaCls, 0.25 gm.; MgSO,-7H,0, 0.25 gm.; biotin 5 yg. Cells grown in No. 2 
medium subjected to continuous agitation for 20 hours at 28°C. were harvested by 
centrifugation at low speed; the supernatant (growth medium) was discarded, and the 
cells were washed three times with distilled water by alternate resuspension and 
centrifugation at low speed. The cells were again suspended in distilled water and used 
immediately in the experiments outlined below. Dry weights of cell suspensions were 
determined either gravimetrically on 5 ml. aliquots heated to 90°C. for 24 hours, or 
turbidimetrically employing a specially constructed weight-turbidity curve. 

Respiration of Growing Cells —To study the effect of cyanide, azide, and monoxide 
on growth and on the respiration of growing cells, the following procedure was em- 
ployed. Manometer vessels were plugged with cotton and sterilized in an oven by dry 
heat. Sterile GGY culture medium (2.0 ml.) was added to the main compartment of 
each vessel. The GGY medium had the following composition per liter: glucose, 10 
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gm.; glycine, 10 gm.; yeast extract, 1.0 gm. A washed cell suspension was tipped in 
from a side arm of a vessel at zero time. The center well of a vessel contained KOH 
(or KCN, in experiments involving cyanide). Growth was measured by determination 
of turbidity. 

Nutritional Induction of Cytochrome Synthesis —Cells grown in GGY medium or in 
No. 2 medium were essentially free of absorption bands in the visible region when 
thick suspensions were examined with a Zeiss hand spectroscope. Following the find- 
ings of Grimm and Allen (1954) on Ustilago sphaerogena, superoptimal levels of various 
heavy metals were incorporated into medium 2. One formulation, on which results 
are reported, was as follows: medium 2 plus per liter; monosodium glutamate, 1.0 
gm.; ZnSO,-7H2O, 0.010 gm.; and FeCls, 0.050 gm. This modification was termed 
medium 3. 

Preparation of Mitochondria.—Suspensions of mitochondrial particulates were 
prepared by the procedure of Nickerson and Falcone (1956 a) from packed washed 
cells harvested from cultures that had been grown at 28°C. for 48 hours in No. 2 
medium with continuous agitation. Cells suspended in 0.25 m sucrose solution were 
ruptured by mechanical agitation in a Waring blendor with glass beads (Minnesota 
Mining and Manufacturing Co. “glowbrite” beads, size No. 110) according to the 
technique of Lamanna and Mallette (1954). After 60 to 90 minutes’ agitation (with 
cooling achieved by running tap water), the broken cells were eliminated by centri- 
fugation at 4000 X g for 20 minutes (in refrigerated centrifuge at 5°C.). The turbid 
supernatant was centrifuged twice more in the same way until practically no sedi- 
ment was obtained. The supernatant, now free of cells and large particulate matter, 
was centrifuged for 25 minutes at 23,000 x g at 5°C. The sediment was suspended 
again in 0.25 mM sucrose and spun down twice more in the same manner. The sediment 
after the final sucrose wash was resuspended in 0.25 m sucrose and examined for cyto- 
chrome oxidase activity both manometrically and spectrophotometrically. 

Control experiments employing triphenyltetrazolium chloride (TTC) showed a 
wide range of dehydrogenase activity in mitochondrial particulates prepared in this 
manner. The presence of certain flavoprotein reductases, including a protein disulfide 
reductase (PDS reductase), has also been established (Nickerson and Falcone, 1956 6). 

Manometric Methods —Respiratory gas exchange was measured using the Warburg 
constant volume respirometer at 30°C. Succinate buffer (0.1 m, pH 5.6) was the prin- 
cipal buffer employed; control experiments showed no increase in oxygen uptake over 
the endogenous in phosphate buffer on the addition of succinate, and no inhibition of 
endogenous respiration in succinate buffer by malonate (0.01 m). Inhibitors such as 
cyanide and azide were added as their sodium salts from the side arms of the vessels 
at zero time. Constant concentrations of cyanide were maintained by placing 2 m 
KCN (in place of KOH) in the center well (Laties, 1949). Tank nitrogen used in the 
controls for the carbon monoxide experiments was deoxygenated by passage over hot 
copper filings. Purified carbon monoxide was obtained in a cylinder from the Mathe- 
son Company. Illumination was provided in experiments involving carbon monoxide 
by fluorescent lights, constructed in the shape of a semicircle, immersed in a circular 
water bath. The fluorescent tubing was approximately 1 meter long. The lights were 
operated from a gaseous tube transformer with 7500 v. output. The tubing provided 
a brilliant white light with strong emission lines at 436, 542 to 544, and 572 to 574 mu. 
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Oxygen Consumption by Normal and Filamentous Strains of Candida albicans 


Previous studies on the respiration of C. albicans by van Niel and Cohen 
(1942) drew attention to the high endogenous rate exhibited by unstarved 
cultures of young cells. This rate can be greatly reduced by aeration of washed 
cells for 24 hours in buffer. The addition of small amounts of glucose to starved 
cells results in the production of only one-third of the carbon dioxide expected 
for complete oxidation of the sugar, of which approximately two-thirds can be 
shown to have been assimilated. This is one of the highest ratios of assimilation 
to oxidation that has been recorded. 

A study by Kluyver and Custers (1940) revealed another aspect of gaseous 
exchange in which C. albicans is exceptional. Unstarved cells of this organism, 


TABLE I 


Endogenous Oxygen Consumption by Freshly Harvested, Washed Cells from 24 Hour Cultures 
of Normal and Filamentous Strains of C. albicans* 





Oxygen consumption (Qo,) 
Suspending medium 





Normal Filamentous 





10 
0.1 mu phosphate buffer, pH 7.2............. 19.4 29.0 
0.1 m succinate buffer, pH 5.6.............. 18.5 37.1 








* All data are averages of four to eight different experiments. 


as well as certain other species of Candida, exhibit an endogenous fermentation; 
i.e., anaerobic production of CO. in the absence of added substrate. This 
property is not associated with bakers’ yeast, or with other non-filamentous 
yeasts, and may indicate a spatial relationship between stored reserves 
and fermentative systems in Candida different from that in most other yeasts 
(Nickerson, 1947). 

With both normal and filamentous strains of C. albicans, the endogenous 
and exogenous consumption of oxygen are markedly influenced by the age of 
the culture from which the cells are harvested. Furthermore, the rates of oxygen 
uptake are affected by the composition and pH of the buffer in which freshly 
harvested, washed cells are suspended. Data comparing the rates of endogenous 
consumption by 24 hour cells of both strains are given in Table I for three 
different suspending media. In all cases, the rate of oxygen consumption per 
unit weight is higher for the filamentous strain than for the normal strain. This 
finding demonstrates that the filamentous mutant does not have a block in its 
respiratory path that would account for its property of rapidly reducing tetra- 
zolium and other foreign hydrogen acceptors. Since the filamentous strain re- 
duces oxygen more rapidly than does the normal strain, this is another indi- 
cation that the mutant strain has diverted hydrogen from some acceptor 
(other than oxygen) that is operative in the normal strain. 
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Effect of Respiratory Inhibitors 


Cyanide.—The data presented in Fig. 1 show that the endogenous respiratory 
systems of both the normal yeast and its filamentous mutant are insensitive 
to concentrations of cyanide as high as 10~* m. Indeed, cyanide at 10~* m or 
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Fic. 1. The effect of cyanide on endogenous oxygen uptake by resting cells of nor- 
mal strain 582 of C. albicans (top) and by filamentous strain 806 (bottom). Succinate 
buffer 0.14 m, pH 5.6 in all vessels with 3.6 mg. dry weight cells per vessel for strain 
582, and 2.6 mg. cells for strain 806; 0.2 ml. 2 mM KCN in center well. 





10~ m induces a substantial increase in the rate of oxygen consumption by 
both strains. Thus it would appear that the function terminal oxidase is not a 
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metallo-porphyrin protein, since it is well known that cyanide inhibits the 
cytochrome oxidase of bakers’ yeast, higher plants, and animal tissues, as well 
as the ascorbic acid oxidase and polyphenol oxidase of higher plants. 
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Fic. 3. The effect of carbon monoxide on endogenous oxygen uptake by normal 
strain 582 of C. albicans, and by filamentous mutant strain 806. Succinate buffer, 
0.14 M, pH 5.6. Vessels equilibrated with gas mixtures while shaking in water bath. 











in center well. 


The apparent stimulation of oxygen uptake by cyanide can most probably 
be explained on the basis of its inhibitory effect on catalase activity (Keilin, 
1937). Both strains of Candida exhibit appreciable catalase activity which 
can be effectively inhibited with cyanide. The falling off of the oxygen uptake 
curve of strain 806 in the presence of 0.01 m cyanide (Fig. 1) may be due to 
an accumulation of toxic amounts of hydrogen peroxide. 


0.2 ml. 2 m KCN 


and 806; 
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The possibility that the addition of respirable substrate might serve to sup- 
press the endogenous respiration of C. albicans and cause the appearance of an 
exogenous respiration different in kind from the endogenous (as has been indi- 
cated for certain microorganisms (Barker, 1936; Taylor, 1950)) is negated 
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Fic. 4. The effect of carbon monoxide on oxygen uptake by normal strain 582 of 
C. albicans and filamentous strain 806. Succinate buffer 0.14 m, pH 5.6; 1.0 mg. glu- 
cose per vessel. Vessels equilibrated with gas mixtures while shaking in water bath. 


since 10~* m and 10~ m cyanide also stimulate the exogenous respiration due 
to glucose (Fig. 2). Again, the lesser stimulation obtained with 10°? m KCN 
may be due to the complete inhibition of catalase, with a resultant accumula- 
tion of hydrogen peroxide. Other experiments not reported here, using phos- 
phate buffer at pH 7.2, yielded results entirely similar to those shown in Figs. 
1 and 2. 
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Carbon Monoxide.—Carbon monoxide readily forms metal carbonyls and 
thus in its action also serves to define the operation of metallo-porphyrin 
protein oxidases. It can be observed (Figs. 3 and 4) that the respiration of 
both strains of Candida albicans is totally insensitive to the action of carbon 
monoxide whether in the dark or in light. As in the experiments with cyanide, 
the response of the exogenous respiration to monoxide resembled that of the 
endogenous respiration. 

In addition to demonstrating that the respiration of C. albicans is insensitive 
to monoxide, Figs. 3 and 4 also provide information on the effect of oxygen 
tension on oxygen uptake. Lowering the oxygen tension from 20 per cent (air) 
to 5 per cent causes a dramatic inhibition of the exogenous respiration of the 
filamentous strain, and a noticeable inhibition in strain 582 (Fig. 4). In fact, 
at the 5 per cent oxygen level the rates of O2 uptake in the presence and absence 
of substrate are almost exactly the same with either strain. It is well known 
that the “loading curve” for cytochrome oxidase is independent of the oxygen 
tension down to about 10~ mm. Os, and the respiration of bakers’ yeast 
(mediated by cytochrome oxidase) has also been shown by Winzler (1941) to 
be independent of oxygen tension down to about 1 mm. (ca. 0.1 per cent Oz). 
These facts provide additional evidence against the operation of cytochrome 
oxidase in C. albicans and favor the view that a flavin-mediated terminal 
oxidase(s) is chiefly involved in its oxygen uptake. 

Azide.—The known similarity between the action of cyanide and of azide in 
their inhibition of metal-containing oxidases would lead one to expect that 
the respiration of C. albicans would be insensitive to azide. However, high 
concentrations of azide (10-* m and 10-* m NaN;) were found to inhibit respira- 
tion. Therefore, a wider range of concentration was studied. These results 
are plotted in Fig. 5. The oxygen uptake of the filamentous mutant is inhibited 
in this range of azide concentration both with and without added substrate 
(Fig. 6). The tremendous stimulation observed with strain 582 at a specific 
concentration of azide (10~* m) initiated further experiments regarding the 
nature of this stimulation; these studies will be reported in a subsequent paper. 
Although azide has been demonstrated to inhibit metal oxidases, such as cyto- 
chrome oxidase and polyphenol oxidase, this inhibitor has also been shown to 
act at other loci, particularly those concerned with phosphorylation (Loomis 
and Lipmann, 1949). Thus, the action of azide on C. albicans may not be upon 
a metal oxidase, but may be inhibiting respiration in some other manner. 
Indeed, 10-* wt azide has been shown (Nickerson, 1954) to inhibit diaphorase 
activity in C. albicans, whereas this flavoprotein catalysis is greatly stimulated 
by 10-* m cyanide. 

Antimycin A.—This substance has been shown by Potter and Reif (1952) to 
cause complete inhibition of oxygen uptake by the succinoxidase system. The 
site of inhibition has been localized at a step involved in the reduction of cyto- 
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chrome c (Potter and Reif, 1952; Chance, 1952). At concentrations of 0.1 to 
0.5 ug. per ml., antimycin A had no detectable effect on either the endogenous 
or exogenous (glucose) respiration of C. albicans, strain 582. This is additional 
indication that the cytochrome system does not operate in this yeast. 


Effect of Respiratory Inhibitors on Growing Cells 


In view of the fact that oxygen consumption by resting cells of C. albicans 
is insensitive to cyanide and monoxide, and is apparently not mediated by 
cytochrome oxidase, it seemed of interest to examine oxygen consumption by 
growing cells, and to determine whether growth was proportional to oxygen 
consumption. 

As shown in Fig. 7, the oxygen uptake of growing cells of both normal and 
filamentous strains of C. albicans is sensitive to 10~ m cyanide. This concen- 
tration causes 90 to 95 per cent inhibition of growth (Table II), which is re- 
flected in the curves for oxygen consumption. This sensitivity of growing cells 
to cyanide is to be compared with the complete insensitivity of oxygen con- 
sumption by resting cells to concentrations as high as 10? m cyanide (Figs. 1 
and 2). Table II shows that CO has very little effect on the growth of the 
filamentous strain, but causes a substantial inhibition of strain 582, the in- 
hibition being twice as great in the dark as in light. Oxygen consumption by 
both strains, curiously, is greater in the dark than in light (Fig. 8). 

Lowered oxygen tension is actus 'ly about as effective an inhibitor of growth 
as the presence of carbon monoxide. The following calculations are made from 
the data in Table II: 


Growth in 4 hrs. 


Oxygen tension 





20 per cent (air) 4.8-fold 
5 per cent bee 3.0fold | eed 


Dark: 2.1-fold | 3.6-fold 








Growing cells of the normal and filamentous strains are also distinguishable 
by their response to sodium azide. Increasing concentrations of azide cause an 
inhibition of growth of strain 582 that is almost linear over the range 10~° m 
to 10? m. With strain 806 there is an all-or-none effect of azide on growth, 
with the transition lying between 10~ m and 10~ m (Fig. 9). 


Attempts to Demonstrate the Presence of Cytochrome Oxidase in Candida albicans 


The oxidation of reduced cytochrome c by homogenates was examined both 
spectrophotometrically, by measuring the decrease in absorption at 550 my 
according to the method of Stern and Timonen (1954), and manometrically 
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according to the method of Schneider and Potter (1943), as employed by Grimm 
and Allen (1954). Completely negative results were obtained with both meth- 
ods. It must be concluded that neither strain of C. albicans contains a func- 


1600 
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e—e Candida albicans 806 





multiplying cells 


control 
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Fic. 7. Effect of cyanide on respiration of growing cells of C. albicans strains 582 
and 806. GGY medium; in controls: 9.8 mg. dry weight cells initially present of strain 


582, 45.0 mg. after 200 minutes; for strain 806 initially 1.05 mg., 5.83 mg. at end; in 
presence of cyanide; 12.0 mg. at end with strain 582, and 1.56 mg. with strain 806. 





tional cytochrome oxidase. Moreover, no cytochrome oxidase has been de- 
tected in cells in which the synthesis of cytochrome had been promoted by 
superoptimal concentrations of zinc and iron. As described in the next section 
the respiration of “cytochrome-rich” resting cells remained insensitive to 
cyanide, monoxide, and azide. It is believed that this is the first record of an 
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essentially aerobic organism that is lacking in cytochrome oxidase (C. albicans 
grows scarcely at all in the absence of oxygen). 


Stimulation of Cytochrome Synthesis by Zinc and Iron 


In the early stages of this work it was found that although typical absorption 
bands could not be detected by examination of packed cells with a Zeiss hand 


TABLE II 
Effect of Cyanide, Azide, Monoxide, and Oxygen Tension on Growth of Candida albicans* 
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* Experiments conducted in Warburg vessels concomitant with gas exchange studies. 


spectroscope, it was sometimes possible to observe weak bands at about 420 
my and 550 my in pyridine extracts of such cells. Extracts of cells grown on 
medium 2 were found to exhibit bands, whereas extracts from cells grown on 
GGY medium did not. The effect of nutrition on cytochrome synthesis in C. 
albicans was, therefore, examined. Grimm and Allen (1954) had found that 
zinc, supplied at levels superoptimal for growth, dramatically stimulated cyto- 
chrome formation in Ustilago sphaerogena. A similar situation was found to 
hold true in C. albicans. As shown in Table III, the addition of zinc and iron 
at levels superoptimal for growth greatly increased cytochrome synthesis in 
an ammonium-nitrogen medium. The absorption spectra of cell suspensions 
in which cytochromes had been oxidized or reduced according to the method 
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of Grimm and Allen are shown in Fig. 10. The typical cytochrome spectrum 
of cells grown with excess zinc and iron is apparent. 

In connection with the data in Table ITI, it should be noted that the cyto- 
chrome bands were present at all times in the cells grown with excess zinc and 
iron. The bands did not disappear, even on prolonged aeration, but could be 
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Fic. 8. Respiration of C. albicans 806 growing in presence or absence of carbon 
monoxide in light or dark. GGY medium; 1.05 mg. dry weight cells initially present 
in runs conducted in dark, 4.06 mg. finally in control, 3.92 mg. finally with monoxide. 
In light: 1.12 mg. cells initially present; 4.0 mg. finally in control, and 3.64 mg. with 
monoxide. 











oxidized by ferricyanide in heated suspensions. This is additional evidence 
that a cytochrome oxidase system is not present in C. albicans. 

The effect of cyanide and monoxide on cells grown with added zinc and iron 
(so called “cytochrome” cells) was examined. The rates of endogenous and 
exogenous (glucose) oxygen uptake for such cultures were essentially the same 
as those found with cultures from ordinary culture medium. No inhibition of 
oxygen uptake was observed in the presence of monoxide or of cyanide. In 
one experiment, in which cells from 48 hour cultures were employed, the re- 
sults shown in Table IV were obtained. 
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Competition between Oxygen and Dyes for Reduction by Flavoprotein Oxidases 


It will be observed (Table V) that the addition of 4 X 10~ um TTC to resting 
cells of the filamentous mutant results in a 50 per cent inhibition of oxygen 
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Fic. 9. Respiration of C. albicans 582 and 806 growing in different concentrations 
of sodium azide. GGY medium; for strain 582, initially 2.12 mg. dry weight cells; 
finally: 10.6 mg. in control, 9.12 mg. in 10~5 M azide, 3.95 mg. in 10~ m azide, and no 
increase in weight in 10~? m or 10~* m azide. For strain 806, initially 1.05 mg. of cells; 
finally: 5.83 mg. in control, 5.55 in 10° m azide, 5.83 in 10~‘ M, no increase in weight 
in 10-* m or 10°? m sodium azide. 





consumption, but causes only half as great inhibition of CO2 production. The 
R.Q. is thus increased from essentially 1.0 to 1.5 as a result of competition 
between TTC and oxygen as hydrogen acceptors. However, the formazan 
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produced accounts for only about 36 per cent of the decrease in oxygen uptake. 
The competition between oxygen and TTC for reduction by flavoprotein 
oxidases is expressed in reaction 1 vs. reaction 2. 


-900 





Candide albicans 
582 


OPTICAL DENSITY 








oS 


500 525 550 575 600 
WAVELENGTH (my) 
Fic. 10. Absorption spectrum of thick cell suspensions of C. albicans 582 reduced 
with sodium hydrosulfite. Cells grown for 24 hours in medium 2 with addition to 
medium of zinc and iron (top curve), zinc alone (middle curve—note difference in 


ordinate), or iron alone (lower line). For top curve, absorption maxima 525, 553, and 
605 mu. 











(1) 2H(2e) + O. — H,0; 
(2) 2H(2e) + TTC — TPF (triphenylformazan) 


In the experiment detailed in Table V, there was present 1.2 ua TTC, the 
equivalent of 27ul. Oz. Assuming that after 75 minutes’ reaction time all of 
the TTC had been reduced (actually the case, for all practical purposes), 
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oxygen uptake should be decreased only by 27 yl., if the TTC has no other 
action. Actually, oxygen uptake has decreased 76 yl. from the controls; thus 
the TTC reduced accounts for only 36 per cent of the decrease. It must be 
noted, however, that at 75 minutes’ reaction time the sum of O2 consumed 
(61.5 wl.) and TTC reduced (27 wl.) approximates almost exactly the amount 
of CO: produced (86.8 yl.) to give a modified r.g. (CO2/O2 + TTC) = 0.98. 
These data are taken to mean that TTC competes directly with oxygen for 
reduction by flavoprotein oxidases, and is without inhibitory effect at the 


TABLE III 
Effect of Excess Zinc and Ferric Ions on Growth of Candida albicans 





Growth (optical 
density)t Cytochrome bands 


Addition to* basal medium 





Strain | Strain P P 
58? 806 Strain 582 Strain 806 





0.976) 0.750) None seen None seen 
ZnSO,-7H20 (10 mg./liter) .| 0.980) 0.810) Weak band at 550 mu | Weak band at 550 my 
FeCl, (50 mg./liter) 0.886 0.722) None seen None seen 

Zinc and iron 0.976) 0.756, Very strong bands 550, 605 mu 

550, 605 mu 

















* Medium 2 + 100 mg. per cent Na glutamate. 
} 24 hour cultures, blue filter. 


TABLE IV 


Effect of Cyanide on Endogenous Oxygen Consumption by Cytochrome-Rich Cells of C. albicans 
Strain 582* 





Concentration of cyanide Endogenous Qo, 





Zero 3.3 
10-* uw 11.4 
107 u 10.5 








* Cultures grown for 48 hours in medium 3. 


flavoprotein terminal oxidase level. In addition, however, TTC at 4 X 10“ mM 
concentration inhibits substrate transformation at some stage (inhibition of 
CO: production) about 25 per cent. It is suggested that this dual effect of TTC 
must be borne in mind in calculations of its effect on inhibition of oxygen con- 
sumption. 

For TTC reduction by resting cells of the normal strain of C. albicans, the 
addition of a metal chelating agent, such as disodium ethylenediaminetetra- 
acetic acid (Na2EDTA) is required. However, in this strain, no decrease in 
oxygen uptake nor change in R.Q. was observed on the addition of TTC, or of 
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TTC + NazEDTA, although marked reduction of TTC occurred in the 
presence of Nas2EDTA (Table VI). 


TABLE V 
Effect of TTC om O. Uptake and CO, Production by Resting Cells of C. albicans 806 





Endogenous + TTC Inhibition by TTC 





R.Q. 2. O: uptake COs 


Os COs | Seedaction 





bl. bl. 
54.8 54. 

112.7 | 102. 
75 137.8 | 121. 


| 

4 | : . 41.7 1.59 
0 0.91 ‘ 74.5 ‘ 
0 0.88 ‘ 86.7 1.41 




















Cells = 2.9 mg. dry weight per vessel; TTC = 4.3 X 10‘ m. 


TABLE VI 
Effect of TTC and of EDTA on O, Uptake and CO; Production by Resting Cells of C. albicans 582 





Endogenous +TTC +EDTA +TTC + EDTA 





O: CO: .Q. Os CO: R.Q. Or COs .Q. Os CO: z.Q. 


hl. hl. pl. pl. pl. pl. pl. pl. 
43.8 | 43.3 | 1. 48.5 | 47.6 | 0.98 | 45.7 | 36.3 | 0.80 | 56.6 | 49.8 | 0.88 
86.0 | 84.7 | 0. 98.6 | 98.6 | 1.00 | 90.1 | 81.6 | 0.91 |111.6 |104.6 | 0.94 
123.5 |122.7 | 0. 147.0 |147.8 | 1.00 |139.2 125.3 | 0.91 |163.7 |157.8 | 0.96 


















































Final concentrations: TTC = 4.3 K 10m; Nas EDTA = 10-* m; cells = 6.3 mg. dry 
weight per vessel; total volume 2.8 ml. 


DISCUSSION 


There have been at least two reports of organisms which possess functional 
cytochrome oxidase systems (as demonstrated with cell-free extracts) but in 
which oxygen uptake by infact cells is not inhibited by cyanide, azide, or mon- 
oxide. Darby and Goddard (1950) uncovered this anomalous behavior in a 
fungus M yrothecium verrucaria, and Grimm and Allen (1954) have observed a 
comparable situation in a basidiomycete Ustilago sphaerogena. Oxygen uptake 
in Candida albicans is not inhibited by cyanide, monoxide, or azide; but we 
have been unable to demonstrate the presence of any component of the cyto- 
chrome system in cells grown aerobically under conditions in which growth is 
both rapid and abundant. In such material, oxidation of reduced cytochrome 
c¢ by cell-free preparations is not demonstrable, nor can the characteristic 
bands of cytochrome components be detected spectroscopically. 

Nevertheless, both normal and divisionless strains of C. albicans can be 
induced to synthesize components of the cytochrome system. Incorporation of 
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superoptimal concentrations of zinc and of iron into the growth medium results 
in a slight inhibition of growth, but the cells exhibit an intense multi-banded 
absorption in the visible region that is of a characteristic cytochrome nature. 
Cells possessing a cytochrome spectrum did not consume oxygen more rapidly 
than cells without evident cytochrome, nor was oxygen consumption by the 
“cytochrome cells” inhibited by 10-? m cyanide. The cytochrome bands in these 
cells were in a continuously reduced state (in the absence of cyanide) and did 
not disappear on strong aeration of cell suspensions. In C. albicans the levels 
of both zinc and iron required for cytochrome synthesis are considerably in 
excess of the optimal levels of these ions for growth. 

It has been known for many years that environmental factors can markedly 
affect the synthesis of heme compounds in yeasts and in animal tissues. EI- 
vehjem (1931) showed that copper and iron play a role in the synthesis of 
cytochromes in bakers’ yeast; and catalase activity in yeasts grown on an 
iron-deficient medium is lowered (Yoshikawa, 1937). Cytochrome synthesis in 
yeast is also greatly affected by aeration of the cells. Bakers’ yeast develops a 
2-banded cytochrome spectrum if grown anaerobically (Fink, 1932), whereas 
the 2-banded spectrum of brewers’ yeast can be converted to the 4-banded 
spectrum characteristic of bakers’ yeast by cultivating brewers’ yeast (top or 
bottom strains) aerobically (Fink and Berwald, 1933), or merely by aerating a 
suspension of non-multiplying cells (Chin, 1950; Ephrussi and Slonimski, 1950). 
The stimulation of cytochrome synthesis in U. sphaerogena by zinc (Grimm and 
Allen, 1954) has already been mentioned. There is, however, one important 
respect in which the synthesis of cytochrome induced in C. albicans differs 
from other instances cited. Although reducible by systems contained in the 
cell, the cytochrome induced in C. albicans by excess zinc and iron does not 
become part of a terminal oxidase system, owing to the absence of cytochrome 
oxidase. Whereas all other yeasts that have been studied (with the exception of 
certain respiration-deficient mutants) have been found to possess a functional 
cytochrome oxidase system, efforts to induce the synthesis of cytochrome oxi- 
dase in C. albicans have thus far proved fruitless. 

It was shown that the addition of triphenyltetrazolium chloride (TTC) to 
the divisionless strain of C. albicans resulted in the diversion of a substantial 
amount of substrate-generated hydrogen, away from oxygen as acceptor, to 
TTC as hydrogen acceptor. Consequently, the r.Q. shifted from 1.0 to 1.5. In 
marked contrast, reduction of TTC by the normal strain did not decrease oxy- 
gen consumption or cause a change in R.Q. 

It has been demonstrated (Nickerson and Falcone, 1956 6) that the disulfide 
bonds in a mannan-protein component of the cell wall comprise a hydrogen 
acceptor participating in cellular division in C. albicans. In the divisionless 
mutant, protein disulfide reductase activity is negligible and, as a consequence, 
a substantial fraction of substrate-generated hydrogen normally transported 
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to protein disulfide reductase is diverted in the growing cell for reduction both 
of oxygen and other H-acceptors, such as dyes (Fig. 11). This concept is for- 
mally analogous to that evoked to explain the increase in respiration conse- 
quent on the uncoupling of oxidative phosphorylation by dinitrophenol (Thi- 
mann, 1955). In both instances, regulator processes are affected: a hydrogen 
acceptor in the one, and a phosphate acceptor in the other. In both instances, 
the affected cell responds by increased utilization of oxygen and decreased 
glycolysis, i.e. the appearance of a Pasteur effect may result from the removal 
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Fic. 11. Diagram of terminal oxidations in cytochrome-less cells of Candida albi- 
cans. A competition for reduction appears between —O—O— and —S—S—. Dye re- 
duction is prominent only in cells in which metallo-flavoprotein has been converted 
to diaphorase. 


of a control, and be but a symptom of the loss of control, not a cause thereof. 
Thus, one might view the differences between dividing and non-dividing cells 
(whether “normal” vs. divisionless yeasts, or tumorous vs. “‘normal’’ tissue 
cells) not only in terms of “damaged” respiration and “deficient” Pasteur 
mechanism of the dividing cells, but also of the loss of regulative control in the 
non-dividing cells that results in increased diversion of substrate-generated 
hydrogen to oxygen as acceptor. Bearing in mind the nature of hydrogen trans- 
port systems demonstrated for C. albicans, ascites tumor cells, and anaerobic 
bacteria, the impression is gained that specificity of reduction processes is 
controlled at the flavoprotein level, with the specificity maintained in large 
measure by the associated metal of the flavoprotein. 
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THE EFFECT OF X-RADIATION ON THE GLUTATHIONE 
METABOLISM OF INTACT ERYTHROCYTES IN VITRO* 


By S. J. KLEBANOFFt 


(From the Department of Pathological Chemistry, University of Toronto, 
Toronto, Canada) 
(Received for publication, August 14, 1957) 
ABSTRACT 
The x-irradiation of intact washed erythrocytes results in an inhibition of the 
glyoxalase activity of the cells chiefly as a result of a decrease in the reduced glu- 
tathione level. The percentage inhibition is markedly increased by an increase in the 
dilution of the cells in physiological saline suggesting that the effect of radiation is 
indirect, via the production in the aqueous medium of free radicals, H,O2, etc. This 
is supported by the decrease in the inhibition produced by lowering the oxygen tension 
or by the addition of catalase. The inhibition of glyoxalase activity is also decreased by 
the addition of methylglyoxal, plasma, adenosine, inosine, glucose, and a number of 
other sugars to the erythrocyte suspension prior to radiation. Furthermore, some 
reactivation of the glyoxalase system results from the addition of plasma, glucose, 
adenosine, and inosine following radiation. These results are discussed in relation to the 
role of SH compounds, particularly glutathione, in the toxicity of ionizing radiations, 


The possible relationship of cellular sulfhydryl groups to the development 
of radiation injury has received wide attention in recent years, chiefly as a 
result of the investigations of Barron and coworkers (1-3). These investigators 
observed that a number of purified enzyme systems requiring intact sulfhydry] 
groups for optimum activity were inactivated by ionizing radiations with an 
ionic yield generally greater than that observed in the inactivation of enzymes 
not containing essential sulfhydryl groups (1, 2). Similarly, low molecular 
weight sulfhydryl compounds appeared to be oxidized with an exceptionally 
high ionic yield of over 3 (3). These observations, in conjunction with the estab- 
lished importance of sulfhydryl groups in many biological processes (see 
reference 4), suggested to Barron that the fundamental lesion produced by 
ionizing radiations in vivo may be the oxidation of SH’ groups essential to 
the normal metabolism of the cell. 


* Supported in part by a grant from the Banting Research Foundation. 

t Senior National Research Council Fellow, Canada. 

Present address: The Rockefeller Institute for Medical Research, New York. 

‘The following abbreviations were used: SH, sulfhydryl: GSH, reduced gluta- 
thione; GSSG, oxidized glutathione; TPN, triposphopyridine nucleotide; TPNH, 
reduced triphosphopyridine nucleotide; DPN, diphosphopyridine nucleotide; DPNH, 
reduced diphosphopyridine nucleotide. 
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Existing experimental data have not as yet established the importance of 
sulfhydryl oxidation in the development of toxicity following lethal doses of 
radiation to the intact animal (see reference 5). The inability of a number of 
investigators to demonstrate a decrease in SH groups, or an inhibition of SH 
systems immediately following radiation has been correlated with the fact 
that the number of SH groups present within the cell exceeds “by several 
degrees of magnitude” the number which could be oxidized by lethal doses of 
radiation (6). Since most cellular SH systems are normally in a reversible 
sulfhydryl disulfide equilibrium, it is also possible that the oxidative effect 
of radiation on certain SH systems is quickly masked by the rapid reduction 
of the oxidized form by the normally operative reductive systems. 

The irradiation of an aqueous solution of glutathione has been found by 
Barron and Flood (3) to result in a decrease in the reduced glutathione level. 
Other investigators, however, have been unable to demonstrate a fall in the 
blood glutathione level immediately following whole body radiation (7, 8). 
Previous investigations have indicated that washed erythrocytes can be 
used for the study of the oxidation and reduction of glutathione in the cyto- 
plasm of an intact cell (9, 10). In such a preparation, glutathione is easily 
oxidized by molecular oxygen as demonstrated by a fall in the glutathione 
level (9, 10), and by a decrease in the glyoxalase activity (11, 10). However, 
the effect of molecular oxygen is not observed in the presence of glucose or a 
number of other metabolites, suggesting that, under these conditions, the re- 
duction of glutathione occurs at a rate sufficient to maintain glutathione in 
its reduced form (10). The glyoxalase activity of the cell serves as a very 
sensitive indicator of the level of reduced glutathione under these conditions. 

Conditions are described in the present study in which an inhibition of glyoxa- 
lase activity and a decrease in the reduced glutathione level of intact erythro- 
cytes were produced by x-radiation and evidence is presented which suggests the 
operation of the reversible oxidation-reduction system, GSH = GSSG, 
under these conditions. 


Methods 


Heparinized blood was collected from normal human subjects. The erythrocytes 
were washed three times with 0.16 m NaCl, and suspended in 0.16 m NaCl toa volume 
approximately twice that of the packed cell volume. All subsequent dilutions were 
made with 0.16 m NaCl. All reagents were Fisher “certified” except those otherwise 
indicated. The solutions were made isotonic with NaCl. 

The erythrocytes were irradiated within 24 hours of collection in pyrex test tubes 
with a G. E. maxitron x-ray machine operated at 250 kv. and 30 ma. with the added 
filtration of 0.5 mm. Cu and 1 mm. Al (hvl 1.4 mm. Cu). The source to target dis- 
tance was 36 cm. which produced a dose rate in air of 250 r per minute. The dose 
rate was checked prior to each experiment with a Victoreen r meter. 

The glyoxalase activity of the erythrocytes was determined as previously described 
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(12, 10) within 1 hour of the completion of radiation unless otherwise indicated. When 
the undiluted erythrocyte suspension was employed, 0.05 ml. was added for each de- 
termination. However, when the glyoxalase activity of a dilu‘ed erythrocyte suspen- 
sion was estimated, the volume of the suspension added to each Warburg vessel was 
increased proportionate to the dilution. In this way, equivalent numbers of erythro- 


TABLE I 
Effect of X-Radiation on the Glyoxalase Activity, Degree of Hemolvsis, 
and Hematocrit Value of Intact Erythrocytes 
The main compartment of duplicate Warburg vessels contained 0.05 ml. of the erythro- 
cyte preparation, 0.4 ml. of 0.2 m NaHCO,, and 0.16 u NaC! to a final volume of 2.0 ml. The 
side arm contained 0.2 ml. of 1 per cent methylglyoxal (Bios Laboratories, Inc.). The con- 
tents were gassed with 5 per cent CO,-95 per cent N2 for 10 minutes and then the contents 
of the side arm emptied into the main vessel. After an open period of 2 minutes the stopcocks 
were closed and the evolution of CO, measured. Temperature 30°C. Rate of shaking 120 per 
minute. 
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cytes were employed in each determination. The degree of hemolysis was determined 
as previously described (10). The reduced glutathione level was estimated by the 
cyanide-nitroprusside method of Grunert and Phillips (13). The hematocrit reading 
was determined by centrifugation using 0.05 ml. graduated pipettes. 


RESULTS 


Washed erythrocytes were suspended in 0.16 m NaCl to a hematocrit read- 
ing of 47.0 per cent and exposed to x-rays as indicated in Table I. Under these 
conditions, x-radiation at doses up to 5000 r had no effect on the glyoxalase 
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activity, degree of hemolysis, or hematocrit reading of the cells. However, an 
increase in the radiation dose from 10,000 r to 30,000 r did result in a slight 
but definite inhibition of glyoxalase activity which was not accompanied by 
any change in the degree of hemolysis or in the hematocrit value. The gly- 
oxalase activity of the irradiated cells was further decreased by storage at 
4°C. for several days (Table I). However, the more rapid development of 
hemolysis on the storage of irradiated erythrocytes as compared with un- 
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Fic. 1. The effect of the concentration of the erythrocyte suspension on the in- 
hibition of the glyoxalase activity by x-radiation. The erythrocytes were diluted with 
0.16 m NaCl to the concentrations indicated, irradiated with 20,000 r, and the gly- 
oxalase activity determined. 


treated cells (Table I) may account, to a large extent, for the more rapid de- 
cline in glyoxalase activity since hemolysis results in an almost complete loss 
of glyoxalase activity in the absence of added glutathione (11, 12). The in- 
crease in the hematocrit reading of the irradiated cells on storage (Table I) 
supports the suggestion that the development of hemolysis following x-radi- 
ation is due to swelling which results from an alteration in the osmotic equi- 
librium of the cells (14-16). 

Dale (17) in his experiments on the effect of x-rays on purified enzymes in 
aqueous solution observed that the percentage inhibition by a given x-ray 
dose was increased by an increase in the dilution of the preparation. The 
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“dilution effect” as established earlier by Risse (18) and Fricke (19) on simpler 
compounds is a manifestation of the indirect action of ionizing radiations on 
solutes in aqueous solution through the production, in the solvent, of “acti- 
vated molecules” (free radicals, H,O:, etc.). An effect of dilution on the response 
of intact cells to irradiation has been previously reported (20, 21). As can be 
seen in Fig. 1, the dilution of intact erythrocytes with 0.16 m NaCl prior to 
radiation resulted in a considerable increase in the percentage inhibition of 
the glyoxalase activity. Thus, the irradiation of a 3 per cent suspension (v/v) 
with 20,000 r produced an 85 per cent inhibition of the glyoxalase activity 
which fell exponentially with the radiation dose (Fig. 2). 


in) 


2 oe 
- 


Ss 





i i n 
1 5 10 15 


Radiation dosage (x 10°r) 





> 
oC 
> 
~ 
4 
> 
» 
8 
© 
n 
s 
Ss 
8 
A) 
Oo 


Fic. 2. The effect of the x-ray dose on the inhibition of the glyoxalase activity of a 
dilute suspension of erythrocytes. A 3 per cent suspension of erythrocytes was ir- 
radiated at the x-ray dose indicated and the glyoxalase activity determined. 


The glyoxalase system consists of the enzyme components glyoxalase I and 
II and the cofactor, reduced glutathione (22, 23). As can be seen in Table II, 
the exposure of a 3 per cent suspension of erythrocytes to x-radiation at a 
dose sufficient to produce an inhibition of glyoxalase activity, also produced a 
fall in the reduced glutathione level of the cells as determined chemically. 
The role of glutathione in the inhibition of the glyoxalase activity by x-radi- 
ation was further emphasized by the following experiment. Aliquots of a 3 
per cent suspension of erythrocytes, x-irradiated at doses up to 15,000 r, 
were completely hemolyzed by repeated freezing and thawing. Hemolysis of 
erythrocytes results in a fall in glyoxalase activity almost to zero, the ac- 
tivity being restored by the addition of glutathione (11, 12). The glyoxalase 
activity of the hemolyzed cells, to which was added a slight excess of non- 
irradiated glutathione, was compared with that of non-irradiated cells simi- 
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larly prepared. No significant difference in the glyoxalase activity of the ir- 
radiated and non-irradiated cells was observed, suggesting that the enzyme 
components of the glyoxalase system are relatively resistant to radiation under 
the conditions employed. 


TABLE II 


Effect of X-Radiation on the Glutathione Level of Erythrocytes 
A 3 per cent erythrocyte suspension (v/v) was irradiated with x-rays at 500 to 15,000 r. 
The suspensions were centrifuged and the supernatant fluid was removed and 0.16 u NaC! 
was added to twice the packed cell volume. The figures for GSH are mg./100 ml. of cell sus- 
pension in saline (1:1, 0/2). 





Radiation Reduced glutathione 








r mg. per cent 
<_ 39.0 
500 40.7 

1000 42.5 
5000 33.9 

10000 30.2 

24.9 








TABLE III 
Effect of Oxygen on the Inhibition of Glyoxalase Activity by X-Radiation 

Into the main vessel of duplicate Thunberg tubes was placed 2.0 ml. of a 3 per cent 
suspension of erythrocytes and into the side arm was placed 1.0 ml. of alkaline pyrogallol. 
The tubes were evacuated with a water pump and filled with commercial tank nitrogen. 
Tubes not containing alkaline pyrogallol were evacuated and filled with air. The tubes were 
shaken at room temperature for 20 minutes and x-irradiated at a dose of 10,000 r. The gly- 
oxalase activity was determined over a 20 minute period and compared with that of erythro- 
cytes similarly prepared but not irradiated. 





Atmosphere Inhibition 


per cent 
Air 54 
N: | 28 


The effect of x-radiation on radiosensitive systems in aqueous solution is’ 
in many instances, more pronounced in the presence of oxygen. Similarly in 
the present study, a decrease in the oxygen content of the erythrocyte suspen- 
sion prior to radiation was found to result in a considerable decrease in the 
inhibition of the glyoxalase system (Table III). The addition of purified 
catalase (200 y) to the suspension medium also resulted in a decrease in the 
inhibition, suggesting that H2,O2 is involved to some extent. Although an 
increase in the catalase concentration produced a further protection of the 
glyoxalase system, crystalline bovine albumin was also protective at the 
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higher concentrations (Table IV). This suggests that the protective effect of 
catalase may be due in part to a non-specific protein protection. 


TABLE IV 
Effect of Added Catalase and Crystalline Bovine Albumin on the Inhibition 
of Glyoxalase Activity by X-Radiation 
A 3 per cent suspension of erythrocytes was irradiated with 10,000 r in the presence 
or absence of catalase (Nutritional Biochemicals—lyophilized) or crystalline bovine albumin 
(Armour) in the amounts indicated. The glyoxalase activity was determined over a 20 
minute period and compared with that of erythrocyte similarly diluted but not irradiated. 





Supplement Protection 





per cent 
Catalase 200 y.............. et ee Re Be 21 
ey. ee a =y eee ee 56 
Catalase SOD... 2... 5000s anit wet ’ er 63 
Albumin 200 y......... er LN So ae 0 
Albumin 600 +. Heart Ses. | 30 
Albumin 800 39 








TABLE V 
Effect of Methylglyoxal on the Inhibition of Glyoxalase Activity by X-Radiation 
A 3 per cent suspension of erythrocytes was irradiated at 10,000 r in the presence of the 


supplements in the final concentrations indicated. The glyoxalase activity was determined 
and compared with that of non-irradiated cells similarly diluted. 


[ Glyoxalase activity (ul. CO2/20 min.) 
Supplement | Inhibition 
Non-irradiated Irradiated 











per cent 
— 129 52 60 
Methylglyoxal (0.014 m) 18* 17* 
NaHCO; (0.02 m) 124 64 | 48 
Methylglyoxal (0.014 m) + | 115 103 10 
NaHCO; (0.02 m) 





* Very severe hemolysis and clumping of cells. 


Methylglyoxal, as the substrate for the glyoxalase system, combines with 
glutathione under the influence of the enzyme glyoxalase I to form an addi- 
tion compound (22, 23). The inhibition of the glyoxalase system by x-radiation 
was very much decreased by the addition of methylglyoxal to the preparation 
just prior to radiation, provided that NaHCO; was added to a concentration 
sufficient to prevent the fall in pH resulting from the formation of lactic acid 
(Table V). In the absence of NaHCOs, severe hemolysis and clumping of both 
the irradiated and non-irradiated cells occurred. 
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Plasma, glucose, fructose, mannose, adenosine, inosine, and to a lesser 
extent, maltose and galactose prevent to some extent the inhibition of the 
glyoxalase system of intact erythrocytes by oxygen (10). A similar effect of 
these substances on the inhibition of the glyoxalase system by x-radiation js 
indicated in Table VI and Fig. 3. Thus, the x-radiation of a 3 per cent sus- 
pension of erythrocytes with 10,000 r produced a 64 per cent inhibition of 
glyoxalase activity, which was completely prevented by the addition of 


100-- 


90 


Protection (per cent) 








i l j 
10+ 10°3 10°? 
Glucose (M) 


Fic. 3. The effect of glucose on the inhibition of glyoxalase activity by x-radiation. 
The experiment was conducted as in Table VI. 


homologous plasma to a concentration of 45 per cent of the flask contents 
(Table VI). Similarly, glucose was protective in concentrations as low as 
3.3 X 10m, and produced complete protection at a concentration of 
1 X 10-*m (Fig. 3). A comparison of the protective effect of a number of 
sugars is shown in Table VI. The effect of adenosine and inosine is also indicated 
in Table VI. 

The inhibition of glyoxalase activity produced by the x-radiation of a 3 
per cent suspension of erythrocytes with 5,000 or 10,000 r was partially re- 
versed by the addition of plasma, glucose, adenosine, or inosine to the erythro- 
cyte preparation, immediately following radiation (Fig. 4). A slight increase 
in this effect was produced by increasing the period of incubation with the 
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TABLE VI 
Effect of a Number of Substances om the Inhibition of the Glyoxalase Activity by X-Radiation 


A 3 per cent suspension of erythrocytes was irradiated at a dose of 10,000 r in the presence 
or absence of the supplements in the final concentrations indicated. The glyoxalase ac- 
tivity (ul. CO,/20 minutes) was compared with that of non-irradiated controls. 





Protection 





per cont 
Plasma 10 per cent 75 
Plasma 20 per cent 88 
Plasma 45 per cent 100 
Mannose 3.3 X 107° 87 
Fructose 3.3 X 107% 77 
Galactose 3.3 X 10-*m 7 
Maltose 3.3 XK 107 7 
Sucrose 3.3 X 10°-*u 66 
Lactose 3.3 X 107% 61 
Adenosine 1 X 10-¢u 55 
Adenosine 1 X 107-*u 62 
Adenosine 3 X 10-*u 67 
Inosine 1 X 10~‘ 58 
Inosine 1 X 10-*m 67 
Inosine 3 X 10-*u 76 








@ZPiasma 


E5) Adenosine 


Inhibition (per cent) 
Ss 8s § 
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Fic. 4. The effect of plasma, glucose, adenosine, or inosine, added immediately 
following radiation on the inhibition of glyoxalase activity. A volume (0.5 ml.) of the 
erythrocyte preparation (hematocrit reading, 45) was added to a number of tubes con- 
taining 6.7 ml. of 0.16 m NaCl and the suspension was irradiated. Control tubes were 
similarly prepared but not irradiated. Within 5 minutes of the completion of radiation 
0.8 ml. of 0.16 mu NaCl, plasma, 0.167 m glucose, 0.01 m adenosine, or 0.01 m inosine 
was added to both the experimental and control tubes. The tubes were preincubated 
with the supplements at room temperature for the periods indicated and the gly- 
oxalase activity determined. (a) radiation 5000 r, preincubation period 1 hour, (0) 
radiation 10,000 r, preincubation period 1 hour, (c) radiation 10,000 r, preincubation 
period 24 hours. 
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protective agents from 1 hour to 24 hours. A complete reversal of the inhibition 
was not observed under the conditions employed. 


DISCUSSION 


Barron and Flood (3) have observed that glutathione, in pure aqueous 
solution, is extremely sensitive to oxidation by ionizing radiations. The ex- 
periments described here indicate that x-radiation has a similar effect op 
glutathione in the intact erythrocyte as indicated by variations in glyoxalase 
activity. However, it should be emphasized that to demonstrate a marked 
effect on the glyoxalase system with moderate doses of x-radiation, well 
washed cells, considerably diluted with physiological saline, were required. 
Furthermore, plasma, and glucose in physiological concentrations largely 
prevent the inhibition of glyoxalase activity by x-radiation. This suggests 
that blood glutathione may be well protected from the oxidative effect of 
radiation in situ. This is consistent with the inability to demonstrate a fall in 
the blood glutathione level immediately following whole body radiation 
(7, 8). 

The protective effect of glucose has been observed in the intact organism 
and in isolated radiosensitive systems, and is considered to be largely a result 
of the competitive acceptance of free radicals formed in aqueous solution 
(24, 25). The operation of such a mechanism in the present study is suggested 
by the protective effect of sugars (i.e. sucrose) which are not readily metabo- 
lized by the erythrocyte. Hollaender and Stapleton (26) have suggested that 
in some systems, the protection produced by glucose may be partly due to 
the hypoxia which results from the utilization of oxygen in the course of the 
metabolic degradation of the substrate. The largely anaerobic nature of the 
glucose metabolism of the erythrocyte would tend to minimize the importance 
of this mechanism in the present study. Another mechanism, however, may be 
responsible in part for the protective effect of glucose on the glyoxalase system. 
Barron and Flood (3) have suggested that x-radiation results chiefly in the 
oxidation of glutathione to its disulfide form. It has been observed that glucose 
and other metabolites are effective in maintaining the glutathione of washed 
erythrocytes in its reduced form in the presence of molecular oxygen (10) by 
the coupled oxidation of the metabolite with the reduction of oxidized glu- 
tathione by the glutathione reductase system (27). A similar oxidation-reduction 
system may also be operative during x-radiation as indicated below: 


TPN(DPN) GSH 
Glucose etc. — ( ) «< X-radiation 
TPNH(DPNH) GSSG 


Glutathione reductase 


Barron and coworkers (1, 2) have observed that sulfhydryl enzymes in- 
activated by low doses of radiation may be completely reactivated by the 
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addition of glutathione. It is, therefore, of interest that plasma, glucose, 
adenosine, and inosine produce a partial reactivation of the glyoxalase system 
(Fig. 4). This is compatible with the operation of the oxidation-reduction system 
depicted above and suggests that the maintenance of glutathione in its reduced 
form during radiation by normally operative reductive systems may be a 
factor in the protection of other sulfhydryl systems in vivo. It is of interest 
that a complete reactivation of the glyoxalase system was not observed under 
the conditions employed. This would suggest that glutathione may be affected 
by radiation in ways other than the simple oxidation to the disulfide form 
(28). The suggested importance of mixed disulfide formation in sulfhydryl- 
disulfide interactions, and the possible relationship of this phenomenon to 
the radioprotective properties of sulfhydryl and disulfide compounds (29-31) 
are of interest in this regard. 


I would like to thank Professor J. A. Dauphinee for his continued interest and en- 
couragement and Mr. L. Zongor for valuable technical assistance. I am also extremely 
grateful to Dr. D. G. Baker and Dr. C. G. Hunter of the Radiation Research Unit of 
the Banting and Best Institute of Medical Research for the irradiation of the erythro- 
cytes. 
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ABSTRACT 


The x-irradiation of a dilute suspension of erythrocytes results in a decrease in the 
glyoxalase activity of the cells as a result of a fall in the reduced glutathione level. 
The present paper deals with the possible role of HzO; in this reaction. 

The addition of intact erythrocytes to physiological saline previously irradiated 
with 150,000 r or 225,000 r results in a fall in the glyoxalase activity of the cells. The 
inhibition is prevented by the preincubation of the irradiated saline with catalase and is 
reversed by the addition of plasma, glucose, adenosine, and inosine to the cell suspen- 
sion. 
An inhibition of the glyoxalase activity is also produced by the addition of HO. 
to the suspension of erythrocytes. The inhibitory effect of H,O. can be prevented and 
largely reversed by plasma, glucose, adenosine, and inosine. Methylglyoxal is also 
protective under these conditions. 

Hydrogen peroxide formed continuously and in low concentrations by enzyme 
systems appears to be more effective than added H,O, in inhibiting the glyoxalase 
system. The inhibition by H,O,-producing enzyme systems is minimized by the 
addition of catalase, plasma, glucose, methylglyoxal, and to a lesser extent, by adeno- 
sine and inosine, and is accentuated by the addition of sodium azide. 

The results are discussed in relation to the role of HO, and catalase in the toxicity of 
ionizing radiations. 


The formation of hydrogen peroxide by the irradiation of aqueous solutions 
has been observed repeatedly (1, 2) and the considerable influence of this 
substance on many biological systems has encouraged a great deal of specu- 
lation, and considerable experimentation towards elucidating the role, if any, 
of HO» in the toxicity of ionizing radiations. The glyoxalase activity of intact 
erythrocytes is inhibited by x-radiation largely as a result of a decrease in 
the reduced glutathione level of the cells (3). The increase in the per cent 
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inhibition resulting from the dilution of the cells in physiological saline prior 
to radiation suggests that this effect is indirect, via the production of “activated 
molecules” in the aqueous medium. Because the concentration of a radiosensi- 
tive substance within an intact cell is unchanged by the dilution of the whole 
cell with a physiological salt solution, a “dilution effect”’ under these conditions 
would suggest that a large proportion of the effective activated molecules are 
formed in the extracellular fluid and that they pass to or through the cell mem- 
brane to react with the serisitive substance under investigation. Of the products 
of irradiated water, H2,O, is the most stable. That HO, is in part responsible 
for the inhibitory effect of x-radiation on the glyoxalase system is suggested 
by the partial protection afforded to the cells by the addition of catalase to 
the suspension medium (3). The purpose of the present investigation was to 
obtain further information on the role of H;O: in the inhibition of the glyoxalase 
activity of intact erythrocytes of x-irradiation. 


Methods 


Source of Materials——Human erythrocytes were collected and prepared as pre- 
viously described (4). Special reagents were obtained commercially as follows: catalase 
(lyophilized), uricase, d-alanine, d-amino acid oxidase, glucose oxidase (“pure”), and 
sodium pyruvate from Nutritional Biochemicals Corporation; crystalline bovine 
plasma albumin from Armour Laboratories; hydrogen peroxide from Merck & Co. 
(superoxol 30 per cent); methylglyoxal (30 per cent solution) from K. & K. Labo- 
ratories; and gluconic acid-d-lactone from California Foundation for Biochemical 
Research. All solutions were made isotonic with sodium chloride. 

Procedures.—The x-irradiation of 0.16 m NaCl at doses of up to 20,000 r was per- 
formed as previously described (3). Irradiation at the higher dose levels was per- 
formed as follows: 250 kv.; 30 ma.; added filtration 0.5 mm. Al; source to target dis- 
tance 13 cm. The dose rate as estimated with a Victoreen r meter was approximately 
5000 r/minute. 

The glyoxalase activity was determined as previously described (4, 5) with slight 
modifications as indicated below. In the investigation of the effect of H,O2 on the 
glyoxalase system, H,O» was added to the erythrocyte suspension from a side arm after 
the contents of the vessel had been gassed with 5 per cent CO,-95 per cent N». The 
stopcocks were then left open for 15 minutes to allow for the escape of oxygen formed 
by the degradation of hydrogen peroxide by cellular catalase. Methylglyoxal was then 
added, the stopcocks closed, and the glyoxalase activity determined. In the investiga- 
tion of the effect of H,O.-generating enzyme systems, all components except methyl- 
glyoxal were added to the main compartment of the Warburg vessel. The reaction was 
initiated by the addition of the substrate (uric acid, glucose, d-alanine) to the flasks 
already containing all the components including the erythrocytes. The flasks were 
rapidly transferred to the bath and the contents incubated at 30°C. for the required 
period in an atmosphere of air. The flasks were then gassed with 5 per cent CO,-95 
per cent Ne. The removal of oxygen in this fashion minimized the formation of H:0: 
by the enzyme systems. Methylglyoxal was added from the side arm and the gly- 
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oxalase activity determined. No gas exchange was observed in the absence of methyl- 
glyoxal. 

The degree of hemolysis was determined after each estimation of glyoxalase activity 
as previously described (4). 


RESULTS 
Effect of X-Irradiated Saline 


Taylor, Thomas, and Brown (6) were the first to note that the suspension 
medium previously irradiated may be toxic to intact cells. In their study, the 
irradiation of oxygenated 10 per cent yeast extract or water rendered the 
medium highly toxic or lethal to the protozoa, Colpidium campylum. The 
irradiation of the suspension medium was also found to reduce the survival 
time (7), delay the cleavage (7), and inhibit the respiration (8) of sea urchin 
spermatozoa, and to increase the mutation rate (9) and inhibit the growth 
(10) of bacteria. In some cases, H,O, was demonstrated in the irradiated medium 
in concentrations sufficient to account for the observed toxicity (6, 7). When 
this was not found to be the case, the formation of organic peroxides was postu- 
lated (8, 9). 

The effect of irradiated saline on the glyoxalase activity of intact erythro- 
cytes is shown in Table I. A volume of 0.16 m NaCl was irradiated at a dose 
of 20,000 r and erythrocytes were added within 5 minutes of the completion 
of irradiation to form 3 to 24 per cent (v/v) suspensions. The x-irradiated saline 
was found to have no effect on the glyoxalase activity of the added erythrocytes 
under these conditions. In contrast, the irradiation of a dilute erythrocyte sus- 
pension with a similar x-ray dose results in a considerable inhibition of the 
glyoxalase activity of the cells (3). An increase in the radiation dose to 150,000 r 
or 225,000 r, however, did produce a substance in 0.16 m NaCl which was 
inhibitory to the glyoxalase system. The inhibition of glyoxalase activity was 
only slightly diminished (from 18 to 15 per cent) when the erythrocytes were 
added 24 hours after the irradiation of the suspension medium with 150,000 r, 
indicating that the toxic substance formed was relatively stable. That HO. 
is responsible for the toxic effect is suggested by the absence of organic ma- 
terial in the irradiated solution and by the complete prevention of the inhibition 
of glyoxalase activity by the preincubation of the irradiated solution with 
catalase for 1 hour at room temperature prior to the addition of the erythrocytes 
(Table II). This effect of catalase was destroyed by heating the enzyme for 
15 minutes at 90°C. 

It has been observed that the inhibition of the glyoxalase system by x-irradi- 
ation can be largely prevented and partially reversed by the addition of plasma, 
glucose, adenosine, and inosine (3). The inhibition of the glyoxalase system by 
x-irradiated saline can be completely reversed by the addition of these sub- 
stances under the conditions described in Table III. 
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Effect of Hydrogen Peroxide 


The effect of H,O2 on the glyoxalase activity of intact erythrocytes is shown 
in Fig. 1. Under the conditions employed, an inhibition was just evident at a 
HO, concentration of 1 X 10-‘m, whereas at a concentration of 5 X 10~y 
a 79 per cent inhibition was observed. The preincubation of the erythrocytes 
with HO, (final concentration 1 X 10-*m) for 5, 15, 30, or 60 minutes prior 
to the addition of methylglyoxal did not alter the degree of inhibition. In no 


TABLE I 
Effect of X-Irradiated Saline 
A volume of 0.16 m NaCl was irradiated as indicated below. The erythrocyte preparation 
(hematocrit value, 48) was added to the irradiated saline to produce the final concentra- 
tion of erythrocytes indicated. After 30 minutes of incubation the glyoxalase activity of 
the suspension was determined and compared with that of erythrocytes similarly diluted 
but not irradiated. The volume of the erythrocyte suspension added to the Warburg vessel 


was increased proportionate to the dilution so that equal numbers of erythrocytes were 
employed in each determination. 


| Concentration of 
RBC 





Glyoxalase activity 
Radiation 





pl. CO2/20 min. Difference 





r per cent v/o 
~ 24 141 
20,000 | 24 140 
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20,000 | 18 138 
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instance could the decrease in glyoxalase activity be accounted for by an in- 
crease in hemolysis. The erythrocytes are rich in catalase, and the rapid 
degradation of H,O: by this enzyme is indicated by a rapid evolution of oxygen 
associated with a change in the color of the erythrocytes from dark to bright 
red. The addition of methylglyoxal to the erythrocyte preparation prior to 
or immediately after the addition of HzO» resulted in a considerable protection 
of the glyoxalase system (Table IV). The inhibition of the glyoxalase system by 
H:0, was also prevented to a large extent by the addition of plasma, glucose, 
adenosine, and inosine (Table V). Of particular interest is the observation that 
these substances are able to reverse the inhibition of glyoxalase activity by 
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HO, to some extent (Fig. 2) as was the case with irradiated saline (Table III), 
and the x-irradiation of the erythrocyte suspension (3). 


TABLE II 
Effect of the Preincubation of Irradiated Saline with Catalase 

A volume (7.1 ml.) of 0.16 mu NaCl was irradiated with 150,000 r. Immediately after 
irradiation, 0.4 ml. of 0.16 m NaCl, 0.4 ml. of a 0.1 per cent solution of catalase, or 0.4 ml. 
of a 0.1 per cent solution of catalase heated for 15 minutes at 90°C. was added to both the 
irradiated saline and to an equal volume of non-irradiated saline and the solutions were pre- 
incubated for 60 minutes at room temperature. The erythrocytes were then added to produce 
a final concentration (v/v) of 3 per cent and the glyoxalase activity determined. 





Glyoxalase activity 
Supplement Irradiation 





ul. CO2/20 min. Inhibition 


— 





per cent 
NaCl 170 
Catalase 170 0 
Catalase heated 167 2 
NaCl 142 17 
Catalase 171 0 
Catalase heated 141 17 








TABLE Ill 
Effect of the Addition of Plasma, Glucose, Adenosine, and Inosine to Irradiated Saline 
A volume of 0.16 m NaCl was irradiated as indicated below and the erythrocytes were 
added immediately after irradiation to produce a final concentration (v/v) of 3 per cent. 


The glyoxalase activity of the erythrocyte preparation was determined in the presence of the 
supplements at the final concentrations indicated. 





ae Supplements shite 
Radiation (Final concentration) Inhibition 





r per cent 
150,000 _— 18 
150,000 Plasma (10 per cent) 0 
150,000 Glucose (3.3 X 10-°m) 0 
150,000 Adenosine (1 X 10~'m) 0 
150,000 Inosine (1 X 10~*m) 0 
225 ,000 _ 36 
225 ,000 Plasma (10 per cent) 

225 ,000 Glucose (3.3 X 10-*m) 

225 ,000 Adenosine (1 X 10~‘m) 

225 ,000 Inosine (1 X 10~*m) 








Effect of Hx1O:-Producing Enzyme Systems 


A number of enzymes exist which catalyze the reduction of oxygen to hy- 
drogen peroxide in association with the oxidation of the substrate. Hydrogen 
peroxide can be produced continuously for long periods in the presence of a 
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Fic. 1. Effect of H,O, on the glyoxalase activity of intact erythrocytes. The main 
vessel contained 0.2 ml. of a 12.5 per cent suspension of erythrocytes, 0.4 ml. of 0.2 « 
NaHC0Os, and 0.16 m NaCl to a final volume of 2.0 ml. The first side arm contained 


0.2 ml. of 0.16 um NaCl or 0.2 ml. of a H,O¢ solution which on addition to the main 
vessel, formed the final concentrations indicated. The second side arm contained 








Hemolysis ( per cent) 





0.2 ml. of 1 per cent methylglyoxal. The flasks were gassed with 5 per cent CO,-95 
per cent Ne. The contents of the first side arm were added and 15 minutes later, the 
contents of the second side arm were added. The evolution of CO, was measured for 
20 minutes (filled circles, inhibition; open circles, hemolysis). 


TABLE IV 
Effect of Methylglyoxal 
The main vessel contained 0.2 ml. of a 12.5 per cent suspension of erythrocytes, 0.4 ml. 
of 0.2 mw NaHCOs, and 0.16 m NaCl to a final volume of 2.0 ml. One side arm contained 
0.2 ml. of 0.16 m NaCl or 0.2 ml. of 0.01 m HO. The second side arm contained 0.2 ml. 


of 1 per cent methylglyoxal. The flasks were gassed with CO,-N: (5-95) and the contents 
of the side a arms were emptied into the main vessel as indicated. 





Glyoxalase activity 
Protection 





\pl. CO2/20 min. | Inhibition 


wile a 


| per cent per cent 
No H.0:.... ideal 152 
Methylglyoxal added 5 min. after HO; cake ah 54 65 
Methylglyoxal added immediately after H2Oz..........| 85 44 
Methylglyoxal added immediately prior to H2O2...... .| 129 15 
Methylglyoxal added 5 min. prior to H,O:. . . 136 11 
Methylglyoxal added 10 min. pelos to Hi0: 138 10 
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low enzyme concentration relative to substrate concentration. The equilibrium 
set up between the formation of H2O» in this fashion and its destruction by intra- 
cellular catalysts results in the presence of very low concentrations of H,O, 
in contact with the erythrocytes throughout the experimental period. This 
is similar to the situation which results from the irradiation of an aqueous 
suspension of erythrocytes in the presence of oxygen, but is in contrast to 
that which results from the addition of H,O, to the erythrocyte suspension 
or from the irradiation of the suspension medium prior to the addition of the 
erythrocytes. Under the latter conditions, the level of H,O: is relatively high 
at the beginning of the incubation period with the erythrocytes and then 
falls precipitously, under the influence of cellular catalase. In the present 


TABLE V 
Protective Effect of Plasma, Glucose, Adenosine, and Inosine 


The main vessel contained 0.2 ml. of a 12 per cent suspension of erythrocytes, 0.4 ml. 
if 0.2 a NaHCO;, the supplements at the final concentrations indicated, and 0.16 m NaCl 
to a final volume of 2.0 ml. The first side arm contained 0.2 ml. of 0.16 m NaCl or 0.2 ml. 
of 0.01 m H,O2. The second side arm contained 0.2 ml. of 1 per cent methylglyoxal. The 
flasks were gassed with CO.-Ne (5-95). The contents of the first side arm were added and 
15 minutes later, the contents of the second arm were added. The evolution of CO. was 
measured for 20 minutes. 


Supplements Inhibition 


per ceni 
None.... Be 
Plasma 10 per cent.... 
Glucose 1.7 X 107° 
Adenosine 1 X 10-*m.... 
Inosine 1 X 107m. 





section the effect on the glyoxalase system of three H,O,.-producing enzyme 
systems (uric acid—uricase; glucose-glucose oxidase; d-alanine-d—amino acid 
oxidase) was determined and compared to the effect produced by the addition 
of hydrogen peroxide. 

(a) Uric Acid—Uricase.—Under the influence of uricase, uric acid is oxidized 
to allantoin while oxygen is reduced to hydrogen peroxide. The effect of the 
uric acid—uricase system on the glyoxalase activity of intact erythrocytes 
is shown in Table VI. Whereas uric acid alone appeared to have a slight in- 
hibitory effect on the glyoxalase system, uric acid plus uricase produced a 
considerable inhibition. The effect of uricase was completely abolished by 
preheating the enzyme at 60°C. for 15 minutes. The erythrocytes were ex- 
posed to the uric acid—uricase system for periods varying from 5 to 120 min- 
utes and the degree of inhibition determined. As can be seen in Fig. 3, the 
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inhibitory effect of the uric acid—uricase system increased with the incubation 
period. This is in contrast to the results observed with added Hy0,. 
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Fic. 2. Reversal of the H,O,-induced inhibition of glyoxalase activity. The main 
vessel contained 0.2 ml. of a 6 per cent suspension of erythrocytes, 0.4 ml. of 0.2 
NaHC0Os, and 0.16 m NaCl to a final volume of 2.0 ml. The number of erythrocytes 
per flask was half the number usually employed, to ensure continued activity for the 
2 hour period of measurement. A volume (0.2 ml.) of 0.01 m H,O2 was added to the 
main vessel of the experimental flask but not to corresponding control flasks. One side 
arm contained 0.2 ml. of 1 per cent methylg!yoxal which was added at zero time. The 
evolution of CO, by experimental flasks was compared with that of control flasks for a 
30 minute period (open blocks). The contents of the second side arm ((a) 0.2 ml. of 
0.16 mu NaCl; (6) 0.2 ml. plasma; (c) 0.2 ml. of 0.17 m glucose; (d) 0.2 ml. of 0.01 


adenosine; (e) 0.2 ml. of 0.01 m inosine) were then added and the degree of inhibition 
determined (solid blocks). 








Of the products of the oxidation of uric acid by uricase, allantoin at a final 
concentration of 10~*m and 10~‘m was without effect on the gyoxalase system. 
The importance of H,O, in the inhibitory effect of the uric acid-uricase sys- 
tem is emphasized by the protective effect of the addition of catalase to the 
suspension medium (Fig. 4). Crystalline bovine albumin in equivalent con- 
centrations was without effect. Furthermore, sodium azide, a potent catalase 
inhibitor, considerably increased the inhibitory effect of the uric acid-uricase 
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TABLE VI 
The Effect of the Uric Acid—Uricase System 
The main vessel contained 0.4 ml. of 0.2 a NaHCO, 0.2 ml. of a 12.5 per cent suspension 
of erythrocytes, the supplements in the final concentrations indicated below, and 0.16 mu 
NaCl to a final volume of 2.0 ml. The side arm contained 0.2 ml. of 1 per cent methylglyoxal. 
The flasks were preincubated for 60 minutes at 30°C., gassed with CO.-N: (5-95) for 10 
minutes, and the glyoxalase activity determined. 





prenener: activity 
Supplements 





ul. CO2/20 min. inhibition 


per cent 


None.... res eae | yy 151 
Uric acid (5 x 10-*m).. ; ears oe 132 13 
Uricase (100 y per ml.).... a 143 5 
Uric acid (5 K 10-*m) + uricase (100 ¥y per a3. 49 67 
Uric acid (5 X 10~m) + uricase (100 y per ml.) heated | 

at 60°C. for 15 min. ‘ | 11 
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Fic. 3. Effect of the length of incubation on the inhibition by the uric acid-uricase 
system. The uric acid concentration was 5 X 10~‘ m and the uricase concentration 
100 y per ml. The glyoxalase activity (ul. CO./20 minutes) was determined as in 
Table VI after preincubation periods of varying length. 


system both in the presence and in the absence of added catalase (Fig. 5). 
Similar results were observed with added HO». Under the conditions em- 
ployed, sodium azide alone was slightly inhibitory to the glyoxalase system 
at the higher concentrations. 
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The inhibitory effect of x-irradiation (3) and of added H.O, (Tables [y 
and V) on the glyoxalase system was largely prevented by the addition of 
plasma, glucose, adenosine, inosine, and methylglyoxal. As can be seen in 
Fig. 6, plasma, glucose, and methylglyoxal largely prevented the inhibition 
by the uric acid-uricase system whereas a lesser protection was produced by 
adenosine and inosine under these conditions. It should be noted that erythro- 
cytes incubated with plasma, glucose, adenosine, and inosine in the absence 
of the uric acid—uricase system have a greater glyoxalase activity than the 


Albumin (¥% per m1) 





Inhibition (per cent) 


——— es 


50 100 150 200 250 300 350 400° 
Catalase (¥ per mi.) 











Fic. 4. Effect of catalase on the inhibition by the uric acid—uricase system. The 
main vessel of the experimental flasks contained 0.4 ml. of 0.2 ua NaHCOs, 0.2 ml. of a 
12 per cent suspension of erythrocytes, 0.2 ml. of 1 X 107* m uric acid, 0.2 ml. of a 
0.1 per cent solution of uricase, catalase (filled circles), and albumin (open circles) at 
the final concentrations indicated, and 0.16 m NaCl to a final volume of 2.0 ml. The 
side arm contained 0.2 ml. of 1 per cent methylglyoxal. After an incubation period of 
60 minutes, the glyoxalase activity (ul. CO./20 minutes) was determined and com- 
pared to that of control flasks which did not contain uric acid or uricase. 


non-supplemented cells. This is probably due to the prevention by these sub- 
stances of the over-all oxidation of glutathione by molecular oxygen (4) during 
the incubation period. 

One molecule of HzO: is formed for every molecule of uric acid oxidized 
by uricase. Thus, the maximum concentration of H:O2 which could be pro- 
duced by the uric acid-uricase system is equivalent to the concentration of 
uric acid employed. A comparison of the inhibitory effect of H,O. produced 
by the uric acid—uricase system with H,O, added in concentrations equiva- 
lent to the uric acid concentration is shown in Fig. 7. The results indicate 
that H.O» produced by the uric acid—uricase system is very much more effective 
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Fic. 5. Effect of sodium azide on the inhibition by the uric acid-uricase system. The 
main vessel contained 0.4 ml. of 0.2 m NaHCOs, 0.2 ml. of a 12.5 per cent suspension of 
erythrocytes; sodium azide at the final concentrations indicated and 0.16 mu NaCl to a 
final volume of 2.0 ml. Group (a) had no further additions; group (6), 0.2 ml. of 
1 X 10-* m uric acid and 0.2 ml. of a 0.1 per cent solution of uricase; group (c), as for 
group (b) plus 0.2 ml. of a 0.1 per cent solution of catalase. Incubation period 60 


minutes. 
a b c d e f 


Fic. 6. Effect of plasma, glucose, adenosine, inosine, and methylglyoxal on the 
inhibition by the uric acid-uricase system. All flasks contained 0.4 ml. of 
0.2 m NaHCOs, 0.2 ml. of a 12.5 per cent suspension of erythrocytes, the supplements 
as indicated below, and 0.16 m NaCl to a final volume of 2.0 ml. Solid blocks represent 
control flasks in each group, whereas the open blocks represent flasks to which had 
been added 0.2 ml. of 1 X 10-* m uric acid and 0.2 ml. of a 0.1 per cent solution of 
uricase. Group (a), no further addition; group (6), 0.2 ml. of plasma; group (c), 0.2 
ml. of 0.01 m glucose; group (d), 0.2 ml. of 0.01 m adenosine; group (¢), 0.2 ml. of 
0.01 M inosine; group (f), 0.2 ml. of 1 per cent methylglyoxal. Incubation period 60 
minutes. 
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than added H,O; in inhibiting the glyoxalase activity of intact erythrocytes, 
A 60 minute incubation period was used. As can be seen in Fig. 3, maximum 


80-- 
10 
60 


50 


Inhibition (per cent) 


O - } 
105 10°# 105 
Concentration (M) 

Fic. 7. A comparison of the inhibition produced by the uric acid—uricase system 
with that of added H,O». To flasks containing 0.4 ml. of 0.2 um NaHCOsg, 0.2 ml. of a 
12.5 per cent suspension of erythrocytes, and 0.16 m NaCl to a final volume of 2.0 ml. 
was added uric acid + uricase (filled circles) or H:O2 (open circles) in the final con- 
centrations indicated and the glyoxalase activity (ul. CO./20 min.) compared to that 
of control flasks containing no additions. Incubation period 60 minutes. 








TABLE VII 
The Effect of the Glucose-Glucose Oxidase System 
As for Table VI. Preincubation period 60 minutes. 





Glucose, 5 X 10“. ..... a | oe + | + 3 | 
Glucose oxidase, y/mil.. .. —-|-— 5 | 10 | | 50 | 1 
Glucose oxidase, y/ml., heated — - 


| 133 | 134 | 128 | 9¢ 96 | 
| 


Glyoxalase activity, ul. CO2/20 min...| 99 





inhibition by the uric acid—uricase system may not have been attained in 
all instances. 

(b) Glucose-Glucose Oxidase System.—In the oxidation of one molecule of 
glucose to gluconic acid—é-lactone by the glucose oxidase (notatin) system, 
one molecule of H,O; is formed. This reaction is of particular interest because 
glucose is also effective in maintaining glutathione in its reduced form in the 
presence of H,O, as an oxidant. As can be seen in Table VII, the glyoxalase 
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activity of the erythrocyte preparation was greater after a 60 minute incuba- 
tion period in the presence of glucose than in its absence. However, the addi- 
tion of glucose oxidase to flasks containing glucose caused a fall in glyoxalase 
activity to levels below that of the unsupplemented control. The effect of 
glucose oxidase was completely abolished by heating the enzyme at 85°C. 
for 15 minutes. Glucose oxidase in the absence of glucose, or gluconic acid—é- 
lactone was without effect. 


TABLE VIII 
Factors Affecting the Inhibition of Glyoxalase Activity by the Glucose-Glucose Oxidase System 
As for Table VI. Preincubation period 60 minutes. 








Glucose, X 107% 
Glucose oxidase, 150 y/ml.. . 
Sodium azide, ] X 10-u.... 


+ 


| 
| 
} 
| 
| 
| 


4 |78 























TABLE IX 
The Effect of the d-Alanine-d—Amino Acid Oxidase System 
As for Table VI, except that the preincubation period was 90 minutes. 





d-Alanine, 5 X 10‘ —|+| 
d-Amino acid oxidase, I mg./ml.. 
d-Amino acid oxidase, J mg./ml., "heated 60°C. for 15 | 

min. . i —_ 
Catalase, 400 y /ml fot + 
Catalase, $00 y/ml., heated 90°C. for 15 min. a 
RE I « Si os ci dee ewes _ 
Inhibition, 7 cent 2 


The inhibitory effect of the glucose-glucose oxidase system was completely 
abolished by catalase under the conditions described in Table VIII. The gly- 
oxalase activity, under these conditions, was as high as in the presence of 
glucose alone, suggesting that the glucose concentration was not decreased 
by glucose oxidase to suboptimal levels. Crystalline bovine albumin in equiva- 
lent concentrations or catalase heated to 85°C. for 15 minutes was without 
effect. Sodium azide at a concentration of 10-*m considerably increased the 
inhibitory effect of the glucose-glucose oxidase system and largely prevented 
the protective effect of added catalase (Table VIII). Sodium azide, at this 
concentration, had no effect on the glyoxalase system in the presence of glu- 
cose alone. 
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Hydrogen peroxide at a concentration equivalent to that of glucose pro- 
duced a greater inhibition of glyoxalase activity than did the glucose—glucose 
oxidase system (Table VIII). However, under the conditions employed, the 
inhibition by the glucose-glucose oxidase system occurred in the presence of 
an excess of glucose as indicated by the effect of added catalase. As can be seen 
in Table VIII, glucose at a concentration 4% of that employed in the glucose- 
glucose oxidase system completely abolished the inhibitory effect of 
added H,O.. 

(c) d-Alanine-d—Amino Acid Oxidase.—As can be seen in Table IX, the 
inhibition of the glyoxalase activity of intact erythrocytes by the d-alanine- 
d-amino acid oxidase system was prevented by added catalase. Sodium 
pyruvate had no effect on the glyoxalase system under these conditions. A 
comparison of the effect of the d-alanine-d—amino acid oxidase system with 
that of added H,O, is shown in Table X. 


TABLE X 


A Comparison of the Inhibition Produced by the d-Alanine-d—A mino 
Acid Oxidase System with That of Added H20, 


As for Table VI. Preincubation period 90 minutes. 





d-Alanine, 5 X 10™‘w. 
d-Amino acid oxidase, mg./ml. 
H.0:, 5 x 10‘ 


Glyoxalase activity ul. CO2/20 min 


DISCUSSION 


Glutathione is readily oxidized to the disulfide form by HO, in the presence 
of a suitable catalyst (11, 12). The oxidation of glutathione results in a fall 
in the glyoxalase activity of intact erythrocytes (4). The inhibition of the 
glyoxalase activity by H:O, can be prevented and largely reversed by the 
addition of plasma, glucose, adenosine, and inosine (Table V, Fig. 2), sug- 
gesting in conjunction with previous investigations (4, 3) that a reversible 
oxidation-reduction system may be operative as follows:— 


TPN(DPN) } GSH 


Glucose etc. — 


\ — H.O, 
TPNH(DPNH) GSSG 


Glutathione reductase 


The results obtained with H»O. were qualitatively similar to those observed 
with x-irradiation (3). 

The role of HO, in the toxicity of ionizing radiations is not clear. It is 
undoubtedly true that some of the manifestations observed in isolated radio- 
sensitive systems are due to the formation of H,O, in the solvent water. It 
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is equally true that some radiosensitive systems are insensitive to Hy: and it 
appears that, in other instances, the amount of H:O: which could be expected 
as a result of radiation is not sufficient to account for the complete toxicity. 
The data in the present paper would seem to place the glyoxalase system of 
intact erythrocytes in the last category. The concentration of H,O2 within 
the cell following x-irradiation is unknown. However, from measurements 
of the amount of H,O, formed in biological fluids, it has been estimated that 
the H,O2 concentration might be in the order of 2.8 X 10-’m per 1000 r (12). 
[It is evident from the results presented in Fig. 1, that the addition of HO, 
to a suspension of erythrocytes in amounts equivalent to those expected on 
the irradiation of the suspension with x-ray doses up to 20,000 r had no effect 
on the glyoxalase activity of the cells despite the considerable inhibition pro- 
duced by x-irradiation under similar conditions (3). An inhibition was ob- 
served only in the presence of a considerably higher concentration of H,O:. 
In the latter instance, the rapid degradation of H2O2 by the cell was evident. 
Similarly physiological saline, previously irradiated, was toxic to the gly- 
oxalase system only when very high doses of radiation were employed. 

Some caution, however, should be exercised in the interpretation of data 
obtained from the addition of HzO, or from the irradiation of the suspension 
medium. Under these conditions, the H,O, concentration in contact with 
the cells is maximal initially and decreases rapidly as a result of the presence 
of catalase within the cells. On the other hand, the irradiation of aqueous 
solutions in the presence of oxygen results in the production of H,O, con- 
tinuously and in very low concentrations throughout the period of irradiation 
It has been observed in the present study that H,O. produced continuously and 
in low concentrations by a primary enzyme reaction inhibits the glyoxalase 
activity of intact erythrocytes and that the H,O- so produced may be more 
effective than added H,O, in this regard. This suggests that the role of HO. 
in the inhibition of the glyoxalase system, and perhaps other radiosensitive 
systems, by x-irradiation may be greater than is indicated by experiments 
involving the addition of H,O, or the use of preirradiated saline. 

The investigations of Keilin and Hartree (13-15), Chance (see reference 
16), and others have demonstrated that catalase can catalyze the oxidation 
of a number of substances (hydrogen donors) by H»2O2, in addition to causing 
the degradation of H,O, to oxygen and water. A characteristic of the peroxidatic 
property of catalase which is of particular interest here is the very high effi- 
ciency of the oxidation of the hydrogen donor when H,0, is generated con- 
tinuously and in low concentrations by a primary oxidative reaction as 
compared to that observed when H,O, is added to the reaction mixture in 
relatively high concentrations. Under conditions of low H,O2 concentration, 
the hydrogen donor is present in great excess and thus can successfully com- 
pete with H,O, for oxidation by the primary catalase-H,O. complex (16). 














752 HYDROGEN PEROXIDE AND GLYOXALASE ACTIVITY 


The destruction of HzO. by catalase may serve to protect the organism from 
the toxicity of H,O. during radiation regardless of whether the destruction 
occurs via the classical method of catalase action or by means of the peroxidatic 
oxidation of a secondary receptor. Indeed, it has been suggested that the pro- 
tective effect of alcohol and sodium nitrite may be due to the accelerated 
degradation of HO: by catalase in the presence of those substances (17, 18). 
However, it is also possible that a radiosensitive substance of some importance 
to the cell may itself be oxidized by HO» in the presence of catalase. In this 
regard, there is some evidence to suggest that catalase may influence the oxi- 
dation of glutathione. Boeri and Bonnichsen (19) have reported that the oxida- 
tion of cysteine, glutathione, and thioglycollic acid by oxygen can be catalyzed 
by blood or liver catalase. Although H,O, was not required for this reaction 
it should be borne in mind that HO» is formed on the oxidation of sulfhydryl 
compounds by molecular oxygen. Barron and Flood (20), however, have re- 
ported that the addition of catalase to an aqueous solution of glutathione 
decreases the oxidative effect of ionizing radiations on that substance. This 
suggests that under these conditions catalase does not promote the peroxidatic 
oxidation of glutathione. On the contrary catalase protects the glutathione 
molecule, presumably by the destruction of H,O2. There is also no evidence 
in the present paper to suggest that catalase is directly involved in the oxida- 
tion of glutathione by H,O,-forming enzyme systems. Thus sodium azide 
a potent catalase inhibitor, was found to increase the inhibitory effect of en- 
zymatically produced H,O, on the glyoxalase system. Sodium azide has also 
been found to significantly increase the mutagenic effect of ultraviolet radi- 
ation on microorganisms (21). However, a number of catalase inhibitors 
including sodium azide protect intact animals (22-25) and microorganisms 
(21) from the lethal effect of irradiation. These observations remain unex- 
plained and their interpretation is complicated by the fact that these agents 
are not specific in their action on catalase and that sodium azide and hydroxyl- 
amine act also as hydrogen donors in the peroxidatic reaction stimulated 
by catalase (14). However, the possibility that, under certain conditions, 
catalase may be an active participant in the chain of reactions which lead 
from the primary ionization event to the resultant radiation injury bears 
further investigation. 
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ABSTRACT 

The Na*, K*, and inorganic phosphate levels of the plasma and sartorius muscle of 
the toad Bufo marinus were determined. 

Soaking in normal Ringer brought about the usual cation shifts, but did not alter 
the level of inorganic phosphate in the cell. 

Increases in the external phosphate level brought about an increase in the internal 
phosphate, but the apparent phosphate space of muscle is somewhat smaller than the 
apparent CI~ space. 

Phosphate spaces were compared with inulin spaces and were found to be signifi- 
cantly greater. 

Alteration of the H* concentration of the high phosphate Ringer did not alter the 
partition of phosphate across the cell membrane. 

These results have been found to be consistent with the theory of a three compart- 
ment system for muscle, wherein the tissue is assumed to consist of an extracellular 
phase, and two intracellular phases. The inorganic phosphate of the cell is assumed to 
be adsorbed onto the “ordered phase,” and increments in organic phosphate found on 
raising the external level are assumed to take place in the “free intracellular phase.” 


The nature of the distribution of inorganic phosphate between a muscle cell 
and its environment has been the subject of extensive investigation. Eggleton 
(4) noted that the inorganic phosphate of the medium appeared to penetrate 
approximately 25 per cent of the muscle, and it was assumed that this repre- 
sented the extracellular phase, and phosphate was not able to penetrate the 
cell. This result was compared with muscles in heat rigor, when it was found 
that all the cell water was available for phosphate diffusion. 

The apparent impermeability of the muscle membrane to phosphate, as was 
found with the apparent impermeability of the membrane to Na*, was dis- 
proved with radioactive isotope experiments, and many workers (1, 5, 13) have 
demonstrated a rapid exchange of phosphate across the membrane. It is known 
(4, 9) that there is a considerable concentration gradient for phosphate across 
the membrane, there being some 20 ma P per kg. in whole muscle, and approxi- 
mately 1.5 m.eq. per liter in plasma. On an intracellular basis, assuming 15 per 
cent extracellular space, this yields a ratio phosphate;,,/phosphate,.: approxi- 
mately equal to 16. 
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The nature of the accumulation of phosphate has been attributed to various 
causes. Kamen and Spiegelman (11), and Causey and Harris (1) assume all 
intracellular inorganic phosphate to be an artifact, due to the breakdown of 
labile phosphate esters during the extraction process. A somewhat similar 
theory is proposed by Roberts ef al. (15) in the form of an exchange adsorption 
hypothesis. Mitchell (13) has invoked an active transport mechanism, coupled 
with exchange diffusion, such as has been put forward by Ussing (22) for Na+ 
exchange. Rothstein (7) has also proposed that phosphate is actively trans- 
ported into the yeast cell. 

We have previously (20) proposed a three phase system to account for ionic 
partitions in the sartorius muscle, and it was decided to investigate whether 
the data about phosphate accumulation could be fitted into such a system. The 
cell is assumed to consist of an extracellular phase and two intracellular phases. 
The greater part of the intracellular compartment will be occupied by the 
“ordered phase” onto whose semirigid lattice structure will be adsorbed K+, 
inorganic phosphate, and all other cellular constituents which are selectively 
accumulated by the tissue. Other inorganic constituents of the extracellular 
phase will be excluded from this region of the cell, and will be confined to the 
“free intracellular phase.” This will result in an apparent concentration gradient 
for these substances across the membrane, although as a first approximation 
they will be in a diffusion equilibrium with the external phase. Movements of 
Nat and Cl have previously been shown (20) to be closely correlated in the 
muscle cell, and are largely independent of K+ movements. 

It will be determined in this paper whether alteration of the external phos- 
phate level leads to a partition of this ion across the membrane in a manner 
consistent with the above theory. 


Methods 


The treatment of sartorius muscles which were taken from the toad Bufo marinus, 
collection of blood, etc., was essentially similar to that reported previously (20). At the 
conclusion of each experiment the muscles were frozen on solid carbon dioxide, and 
rapidly cut in two with a sharp scalpel. One-half was analysed for Na*, K*, and Cl- 
by the usual methods (20) the other half was ground in a chilled mortar with 3 per 
cent trichloracetic acid, and assayed for phosphate by the method of Lowry and 
Lopez (12). It was shown by analysing two ends of a cut muscle that there was no 
difference in ionic composition between them. 

Inulin spaces were determined using the method of Wilde (23). Muscles were first 
soaked for 2 hours in Ringer containing 1 per cent inulin, then the inulin was leached 
out of the muscle into an inulin-free Ringer, and the amount of inulin left in the 
Ringer estimated (see Tasker et al. (21)). 

Solutions.—Ringer solutions were modifications of those used previously (17), and 
will be described in the text. 
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RESULTS 


Na+, K*, and Phosphate in Blood.—These ions were determined in 9 samples 
of toad plasma, with the following results; Na+ 108 + 1.9 m.eq. per liter (+ 
s.E. K+ 3.1 + 0.4 m.eq. per liter, phosphate 1.76 + 0.07 mm per liter. There 
was no correlation between the variations of any of the three ions. It should be 
noted that the Na* level of the plasma was particularly low in this series, pre- 
sumably owing to seasonal variation. 

Na*, K*, and Phosphate in Muscles in Vivo.—Toads were killed by pithing, 
and the muscles (32 in number) were rapidly excised and frozen on dry ice. 
They were then cut in two and analysed as described in the methods section. 
The Na* content + s.E. was 31.4 + 1.03 m.eq. per kg., the K* content was 
75.7 + 1.3 m.eq. per kg., and the phosphate 22.3 + 0.8 mm per kg. There was 
no correlation between variation in the values of the three ions. Intracellular 
levels were not calculated as plasma samples were not taken from each toad. 

The Effect of Soaking in Normal Ringer on the Ionic Content—The ionic con- 
tent of muscles im vivo was compared with that of the companion muscle 
soaked for 4 hours in normal Ringer. The usual gain in Na* and loss of K+ was 
found, the mean Na* increase for five pairs of muscles was 39.8 m.eq. per kg., 
and the mean K* loss 24.7 m.eq. per kg. The phosphate content did not change 
significantly, there being a loss of only 0.3 mm per kg. Concomitant changes in 
the organic phosphate fractions are being investigated and will be reported at 
a later date. 


The mean phosphate level im vivo (22.3 + 0.8 mm per kg.) was compared 
with the mean phosphate content in normal Ringer, which was 23.8 + 0.6 mm 
per kg. (96 observations). It is clear that soaking in normal Ringer does not 
alter the phosphate content of muscle, although it markedly alters the Na* and 
K* levels. 


The Effect of High Phosphate Ringer on Ionic Content.—The ionic content of 
muscles soaked in normal Ringer was compared with that of muscles soaked in 
Ringer, part of the Cl of which had been substituted with phosphate. A suitable 
mixture of the disodium and monosodium salts was used to maintain the pH at 
7.2. It was found that the phosphate solutions produced swelling of the muscles, 
and in one experiment the Nat content was raised somewhat to maintain the 
volume of the muscle. (See Table I.) Groups of ten pairs of muscles were used 
in each experiment, and the muscles were in all cases soaked for 4 hours. In 
these experiments all figures refer to intracellular levels, assuming 15 per cent 
extracellular volume. The results are shown in Table I, and may be summarised 
as follows:— 

1. High phosphate Ringer does not alter either the Na* content of the cell, or 
the ratio Na*out/Na*in, when the Nat content of the Ringer is kept constant. 
There is an increase in internal Na+ when the external Na* is raised, and this is 
accompanied by a slight, but not significant drop in Na* ratio out/in. 
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2. The chloride content of all phosphate Ringers was less than the 110 
m.eq. per liter of the control, and there was a drop in the internal Cl- of the 
cell also. This drop was, however not proportional to the drop in external C!- 
and there is a consequent decrease in the ratio Clout/Clin. 

3. There is a slight, but sigmficant, drop in the K* content of the cell at 60 
mm per liter external phosphate. In those experiments in which swelling oc- 


TABLE I 
The Effect of High Phosphate Ringer on Ionic Content of Muscle 


Phosphate in Ringer, ma per 


liter 40 Ratio 60 | Ratio 60 


Cl in Ringer, m.eq. per liter 13 


Na in Ringer, m.Egq. per liter f 130 


Volume change, per cent + 7. + 11.6 
Na, m.eq./kg. 
Control... .. F 3, 52.2 
Treated 


Cl, m.eq./kg. 
Control. . 
Treated. 


Phosphate, ma/kg. 
Control. . 
Treated 


K, m.eq./kg. 
Control 3.8 91.2 75.5 
Treated ; 62.0* 60.4* 


In this and subsequent tables figures in parenthesis in phosphate colum are differences 
between control and treated, and “ratio’”’ in this column means phosphate out/phosphate 
treated—phosphate control. All figures refer to intracellular levels, assuming an extracellular 
space of 15 per cent. 

* Only figures significantly different from controls. 


curred this would be partly explained by the increase in volume, assuming the 
dry weight K* level to remain nearly constant. In the experiment in which 
there was no volume change this must be considered a genuine loss of K*. 

4. The phosphate level of the cell has in all cases increased significantly. If 
it is assumed that the increase in internal phosphate is due to the diffusion of 
these ions into the free intracellular phase (20), then the ratio of external 
phosphate to the increase in internal phosphate should be of the same order of 
magnitude as the Cl ratio. It will be seen that this is only approximately true, 
and this difference will be dealt with in the discussion. 
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The Effect of High Potassium Phosphate Ringer on lonic Content.—The ionic 
content of muscles soaked in normal Ringer was compared with the ionic 
content of paired muscles soaked in Ringer to which had been added potassium 
phosphate. The high potassium phosphate Ringer contained the usual quantities 
of all other constituents. The techniques were identical with those described in 
the previous paragraph. The results are presented in Table II, and may be 
summarised as follows:— 

1. The addition of K* and phosphate ions to normal Ringer, which conse- 
quently rendered it hyperosmotic, did not produce any volume change in the 
muscle. 


TABLE Il 
The Effect of High Potassium Phosphate Ringer on Ionic Content of Muscle 


Phosphate in Ringer, mu per liter........ Ratio 60 Ratio 





K* in Ringer, m.eg. per liter ’ 5 100 


Na, m.eq./kg. 
Control 
Treated 


Cl, m.eq./kg. 
Control 
Treated 


Phosphate, mm/kg. 
Control 23.1 
Treated sn pean 26.1* (3.0) 10.0 


K, m.eq./kg. | 
Control ; --| 9.2 90.8 
Treated Pe UO 2.0 125* (34) 2.9 


Figures in parentheses in K columns are differences between control and treated, and 
“ratio” in this column means Kereatea — Keontroi/Kout- 


2. There was a significant decrease in the Na* content of the cell in high 
potassium phosphate Ringer, and since the external Nat was not altered there 
was a consequent increase in Na* gradient. 

3. There was a significant increase in Cl- content of the muscles in high 
phosphate Ringer, and a decrease in Cl- gradient. These three results are 
similar to those found with Ringer containing high KCl (see below). 

4. There was a small but significant increase in phosphate content of the 
test muscles. If we use the calculation given in paragraph 4 of the previous 
section it is apparent that a smaller amount of phosphate has entered than was 
found in high sodium phosphate Ringers, and consequently the ratio of external 
phosphate/increase in internal phosphate is much higher. This may be due to 
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variation in extracellular volume between different groups of muscles, and 
may have no theoretical significance. 

5. There was a significant increase in the K* content of cells in high potassium 
phosphate Ringer. When the ratio of the external K*/increase in K* in the 
cell is calculated, it is seen to be roughly similar in magnitude to the ratio 
Cr out/ CF in. 

High potassium phosphate Ringer was compared with high KCl Ringer, 
using paired muscles in each Ringer. The Ringer solutions contained 100 
m.eq./liter K, 60 mm/liter phosphate, and 100 m.eq./liter KCI respectively, 
All other ionic constituents of the Ringer solutions were normal. The following 
details are apparent from Table III:— 

1. Neither solution produced a significant volume change in the muscles, 
although both were hyperosmotic. 


TABLE III 


A Comparison of the Effect of High KCl Ringer and High Potassium Phosphate Ringer on 
Ionic Content 








Potassium 
KCl Ringer i | phosphate 
Ringer 


Volume Change, per cent | " | +1.0 





Na, m.eq./kg.. . . ; | ; 42.2 
Cl, m.eq./kg. 5 , .5" 
Phosphate, mm/kg...... 5. 39.$* 


a MR cece. , | 138.0 |} 118* 





* Only figures significantly different from companion muscles. 


2. There was no significant difference between the Nat content of the muscles 
in high phosphate or high Cl- Ringer, and the increase in Na* gradient seen in 
Table II must be regarded as due to the K* level of the Ringer, rather than the 
nature of the anion. 

3. The Cl gradient in high phosphate Ringer is significantly lower than in 
high Cl- Ringer, that is, a disproportionate amount of Cl- has entered the cell 
in the phosphate-treated muscles. 

4. In high phosphate Ringer a significant amount of phosphate has entered 
the cell, and the increase in phosphate content compared with the muscles in 
high KCl Ringer yields a ratio phosphateout/phosphate;, of 4.3. This gradient 
is considerably greater than the Cl ratio of 1.5. 

5. Muscles in high KCl Ringer contain a significantly greater amount of K* 
than do those in high phosphate Ringer. 
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The Effect of Variation in Hydrogen Ion Concentration on the Penetration of 
Phosphate into the Cell.—It has been reported (7, 14) that the H,PO, ion 
penetrates the membrane of Staphylococcus aureus and of yeast, but that 
HPO, is almost impermeant. By a suitable variation in the proportion of 
mono- and disodium phosphate, Ringers were made up at pH 6.5 and 8.5. 
Both solutions contained 60 mm/liter phosphate. Sixteen pairs of muscles were 
soaked for 4 hours in these solutions, and analysed in the usual manner. The 
results may be seen in Table IV, and the following points emerge:— 

1. There has been a slight but significant decrease in volume in the alkaline 
solution, which may be attributed to the higher Na* concentration in this 
Ringer. 


TABLE IV 
The Effect of Variation in pH on Phosphate Content of Muscle 





| 





| | Ratio | pHs.s 
Pe ee me ; 
Na in Ringer, m.eq./liter | 140 | 190 
Clin Ringer, m.eg./liter..........] 2 | | 52 
Volume changes, per cent........ | —0.4 | —9.0 
Na, m.eq./kg.. . | : ' 60.6 
Cl, m.eq./kg. | 


Phosphate, mu/kg seseal of 52.5 


K, m.eq./kg.. . . , 71.7 





2. There has been an increase in the absolute amount of Nat at the higher 
pH, but the ratio Na*.ut/Natin has remained constant. 

3. There has been no change in the absolute amount of Cl- in the cell, nor in 
the Cl- gradient. 

4. The amount of phosphate in the cell is the same at both levels of hydrogen 
ion concentration, and as the external concentration of phosphate was the 
same in both series, the gradient is also unchanged. 

5. The K* level of the cells is also unaffected by the alteration in pH. This 
last finding is in distinction to that reported previously (18) by the authors, 
who found in Ringer of normal phosphate content that increase in pH led to 
an increase in K+ content. 

Thus it would appear that the partition of phosphate across the cell mem- 
brane is unaffected by the hydrogen ion concentration, and consequently by the 
charge of the phosphate ion. 
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A Comparison of the Inulin Space of Muscle with the Apparent Phosphate 
Space.—In this paper all intracellular concentrations have been based on the 
assumption of an extracellular volume of 15 per cent. This would appear to be 
close to the average value, but it is known (21) that the extracellular volume 
may vary from 8 to 30 per cent. Since the apparent phosphate space is of the 
order of 25 to 40 per cent it would be possible that the population of toads used 


TABLE V 
A Comparison of Inulin, Phosphate and Chloride Spaces in Muscle 


| . Intracellular 
Total concentration ° 
cal concentrate concentration 


Volume Change, per cent —3.1 


Na, m.eq. per kg. 
Control... 
Treated 


Cl, m.eq. per kg 
Control... 
Treated.... 


Phosphate, mar per kg. 
Control. 19.; | 23.8 
Treated.... D. | 40.4* (16.6) 


K, m.eg. per kg. 
Control : | 80.6 
Treated 74.3* 


Inulin space 
Control 
Treated... 22.8 


\ 








The high phosphate Ringer contained 60 ma per liter phosphate, 171 m.eq. per liter Na", 
+ 52 m.eq. per liter CI. 


had an unusually high extracellular volume, and consequently all increases in 
phosphate content in high phosphate Ringer were in the extracellular phase. To 
check this, estimations of extracellular volume using inulin as indicator were 
carried out on the same muscles as were used for the ionic estimation. Muscles 
were soaked for 2 hours in the normal and test Ringer, both of which contained 
inulin, and they were then transferred to similar solutions without inulin for a 
further 2 hours. The quantity of inulin released into the Ringer was estimated 
as described in the methods section, and the inorganic ions were determined i1 
the muscle at the end of the soaking procedure. 
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It will be seen from Table V, in which total concentrations of the various 
ions, and intracellular levels calculated on the found inulin spaces are listed, 
that the phosphate space exceeds the inulin space. The general ionic pattern 
found conforms with that shown in Table I, and it is clear that the increment 
in intracellular inorganic phosphate is indeed genuine, and reflects the ability 
of the phosphate ion to penetrate a greater part of the cell water than does 
inulin. 


DISCUSSION 


It would appear from the results outlined above that there is a partition of 
phosphate across the membrane similar to, but not identical with that found 
for Cl-. In other words the phosphate “space” is somewhat smaller than the 
Cl- “space,” but both are considerably larger than the extracellular space as 
measured with inulin. This is in agreement with the results of other workers. 
Desmedt (3) has found the extracellular space of frog muscle to be of the order 
of 12 per cent, and the authors have found a value of approximately 15 per cent 
in toad muscle. The phosphate space in muscles soaked in Ringer containing 
the normal amount of K+ varies from approximately one-third to one-fifth, 
whereas the Cl- space in the same muscles varies from one-half to one-third, 
(see Table I). Harris and Martins-Ferreira (10) also find a chloride space of 33 
per cent, and a sulfate space of the same dimensions. These results will be 
discussed in a subsequent paper. Eggleton (4) found a phosphate space of 
approximately 25 per cent, which is in agreement with Causey and Harris, 
and also with our findings. The relationship between Na* and CI- in the muscle 
cell has been discussed previously, (20) and the relevant literature was also 
reviewed in this paper. 

In any discussion of the apparent phosphate space one encounters the diffi- 
culty that part of the intracellular inorganic phosphate is already present in 
the control muscle, and must be subtracted from the amount found in the 
treated muscle in order to obtain the increment in phosphate content. This 
procedure assumes that there is an equal amount of phosphate in both paired 
muscles, which is known to be an approximation, and also that the treatment 
of the muscle with high phosphate Ringer does not alter this amount of ‘“‘bound”’ 
phosphate in the treated muscle. There is no justification for this latter assump- 
tion, save that there appears to be no way of overcoming the difficulty. Conse- 
quently the absolute amount of phosphate entering the cell cannot be ascer- 
tained with any accuracy. Similar difficulties are discussed by Ennor and 
Rosenberg (5, 6) in their work using radioactive phosphorus to measure the 
turnover rates of organophosphates. 

In common with other workers we find the muscle cell im vivo to contain 
approximately 22 mm per kg. intracellular phosphate. As was mentioned in 
the introduction this has been attributed to various forms of adsorption, in the 
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form of exchangeable labile phosphate esters, (1, 11, 15), or to active transport 
which is possibly linked with exchange diffusion (7, 13). It is known that 
isotopic P tends to accumulate in the membrane area (1), and Danielli (2) and 
Rothstein (16) have demonstrated phosphatases in the muscle and yeast cell 
membranes respectively. These authors have inferred that transport of phos- 
phate across the membrane is an active process involving an enzymic reaction 
with the phosphatase. The process of transfer across the membrane appears to 
be rapid in mammalian muscle (6), and does not seem to be the rate-limiting 
step in the attainment of equilibriums. The nature of the transfer process has 
been reviewed by Greenberg (8). 

We were unable to demonstrate a change in intracellular inorganic phosphate 
on soaking the muscle in normal Ringer for 4 hours, although there were 
marked cation shifts during this period. This is essentially in agreement with the 
finding of Harris (9) that very little inorganic phosphate is lost into P-free 
Ringer, and at variance with the finding of Ennor (6) that perfusion of mam- 
malian muscle tends to lead to an increase in inorganic phosphate, although 
there is no concomitant breakdown of creatine phosphate. 

An increase in the external phosphate level leads to an increase in the intra- 
cellular phosphate whether the phosphate is present as the Na* or the K* salt. 
(Tables I and II). The ratio external phosphate/increment in intracellular 
phosphate was in all cases greater than the ratio Clout/Cl-in. Thus it would 
appear that a smaller volume of the cell total is available for the entry of 
phosphate than for Cl-. This is further emphasised by the fact that there is a 
decrease in Cl- gradient in high phosphate Ringer, as if to maintain the anion 
balance of the cell. The increase in volume of muscles in high phosphate Ringer 
may no doubt be attributed to the lower osmotic activity of the divalent anion. 
The failure of muscles to shrink in Ringer rendered hyperosmotic by the addi- 
tion of potassium phosphate is comparable to the failure of hyperosmotic KCl 
solutions to cause a decrease in volume, and must be related to the ability of 
the ions to penetrate the osmotic barrier of the cell. It is noteworthy that the 
potassium ion, when accompanied by CI-, is able to penetrate the cell to a 
greater extent than when accompanied by phosphate. 

We have been unable to demonstrate a difference in phosphate penetration 
at pH 6.5 and 8.5, from which we infer that the charge of the ion does not affect 
its partition across the membrane. Causey and Harris (1) demonstrated a 
difference in the rate of incorporation of P® in the muscle, at varying pH but 
this would seem to reflect an altered rate of turnover of organophosphate com- 
pounds, rather than a difference in phosphate partition. Mitchell et al. (14) have 
demonstrated that it is the monovalent phosphate ion which takes place in 
the phosphate exchange across the membrane in Staphylococcus aureus and 
assume the divalent ion to be impermeant. Rothstein (7) also finds the mono- 
valent ion to be selectively absorbed in yeast. 
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The authors have previously proposed (20) a three compartment system to 
account for the partition of inorganic ions across the cell membrane in muscle. 
It remains now to discuss whether the data available for the distribution of 
phosphate in the cell can be fitted to such a scheme. Briefly, the cell is as- 
sumed to consist of an extracellular phase, containing the inorganic constituents 
in nearly the same concentration as is found in plasma, and an “ordered phase” 
and a “free intracellular phase” both contained within the cell membrane. The 
ordered phase may be considered to be a charged, semirigid lattice structure 
wherein the cellular constituents are arranged in a highly ordered fashion. It 
is assumed that the K* of the cell is adsorbed onto this structure, and would 
seem likely that the inorganic phosphate is similarly incorporated into the ultra- 
structure of the cell. This would account for the maintenance of a high phos- 
phate gradient in the cell without the necessity of postulating a phosphate 
“pump.” The phosphate adsorbed onto this structure would be free to ex- 
change with external phosphate, and also free to exchange with the organic 
phosphate fractions of the cell. 

The adsorption of K+ onto the ordered phase has been inferred from the 
ability of the cell to maintain a constant level of intracellular K* in the face of 
large variations in external level. The increases in internal K* resulting from 
raising the external concentration can be accounted for by diffusion of the ion 
into the free intracellular phase, and are too small to be consistent with a 
Donnan distribution of the ion. 

The free intracellular phase will be a region within the cell with a lesser 
degree of order than the ordered phase, and the inorganic constituents of the 
extracellular fluid are considered to diffuse freely into this compartment, but 
are excluded from the ordered phase. The isolation of these constituents in this 
phase, which will be considerably smaller than the ordered phase, will result in 
an apparent concentration gradient across the membrane when their concen- 
tration is expressed in terms of total cell volume. If this region were entirely 
randomised, then all the inorganic constituents of the plasma should have the 
same apparent ratio external concentration/internal concentration, except in 
so far as they may be incorporated in the ordered phase as well. If, however, 
one assumes the region to be intermediate in order between the extracellular 
fluid, and the ordered phase, then non-specific adsorption of ions may occur 
within it, which will alter the apparent partitions across the membrane. It is 
obvious from the results presented in this paper that phosphate enters the 
cell to a lesser extent than Cl-, and consequently one must assume that less of 
the cell water is available to it than is available to Cl-. In other words it cannot 
penetrate all the free intracellular phase, or alternatively, part of the Cl- must 
be assumed to be in the ordered phase. At present the data are too meagre to 
reach any conclusion which must await an amplification of our knowledge of 
the properties of polyelectrolyte gels. 
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ABSTRACT 


The time course of the concentration of radiocalcium was studied in the serum, 
skeleton, pelt, muscles, and pooled internal organs of 10-day-old rats. Within 10 
hours of injection, the specific activity of the tissue groups exceeded the specific 
activity of the serum and remained above it during the period studied (120 hours). 

Chemical and autoradiographic analyses showed how rapidly most of the injected 
Ca** found its way into the skeleton. A model was constructed with the assumption 
that the skeleton constitutes an essentially irreversible reservoir for the tracer in a 
multicompartment system in which the blood is the central or feeding compartment. 

The rate of transfer of the tracer from the soft tissue compartments to the serum 
was calculated from the equation 

e = ki(C - C), 
in which C = concentration in serum (expressed as a series of exponential terms) 
C’ = concentration in a given soft tissue 
Substitution in the integrated form of this equation yielded equations which had 
the major properties of the empirical equations fitted to the experimental points. 
The relative order of transfer constants (k’_;) was: organs > pelt > muscle. 


In studies with systemically administered Ca“, it has generally been as- 
sumed that Ca* circulating in the plasma rapidly equilibrates with that in the 
soft tissues (1-3). As a result, the distribution of radiocalcium throughout the 
body prior to its incorporation in the skeletal system has been largely neglected 
and attention has been focussed on the nature of the bone mineral (4). This 
study was undertaken to lay the groundwork for observations dealing with the 
effect of hormones and other agents on the calcium metabolism of the rat. The 
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complexity of the distribution of Ca“ in the intact animal soon became appar- 
ent. In this paper an attempt has been made to systematize the results ob- 
tained when CaCl,-Ca“ was injected into suckling rats. 


EXPERIMENTAL 


The weight of the 10-day-old rats used varied between 13 and 17 gm. The parents 
had been bred in the stock colony of the Rockefeller Institute and were raised on 
Purina chow. Ca**-Cl, in distilled water was administered intraperitoneally. The 
dose in 0.1 ml. solution contained either 5 (Experiment A) or 10 microcuries (Ex- 
periment B) of the radioisotope. With the exception of the animals scheduled for 
sacrifice 1 hour after dosing, the rats were returned to their mothers, which were 
kept on wood shavings in wire-bottomed cages. Blood was withdrawn by heart punc- 
ture from animals which had been anesthetized lightly with ether. The animals then 
expired and the humeri were dissected out and used in autoradiography. The carcasses 
were dissected into the following tissue groups:— 

(a) Entire pelt. 

(b) Entire skeleton (minus humeri), cleaned of adhering flesh. 

(c) Pooled internal organs (thyroid gland, kidneys, liver, heart, lungs, spleen, 

gonads). 

(d) Muscle. 

The gastrointestinal tract and brain were discarded. In Experiment A, some carcasses 
were stored frozen till dissection. They were analyzed individually. In Experiment 
B, undertaken 1 year later, the tissue groups were pooled from the two animals sacri- 
ficed at one time. 

Analytical Procedures.—Serum samples were pooled and analyzed for total calcium 
content by direct precipitation of the calcium as the oxalate followed by centrifuga- 
tion and titration with perchloratoceric acid (5). Serum samples were analyzed for 
Ca* content by direct precipitation as the oxalate in the presence of sufficient added 
calcium to bring their calcium content to 4.0 mg., and were counted with the aid 
of a thin (<1.5 mg./cm.*) end-window Geiger-Miiller counter in an automatic sample 
changer. All other tissues were wet-ashed with a 1:1 mixture of HNO; and HClO, 
and the resulting ash solution was then analyzed for total Ca and Ca** by the same 
methods used for the serum samples (5). 

Autoradiograms were prepared from humeri which were fixed immediately after 
dissection. The humeri were kept for 48 hours at 25°C. in 80 per cent ethanol, pre- 
viously saturated with MgCO;. They were dehydrated by passage through increasing 
concentrations of ethanol through xylol, embedded in paraffin, and sectioned at 
7 uw. Contact autoradiograms were prepared on Kodak contrast process ortho film 
(6) and coated autoradiograms were prepared with Eastman Kodak NTB; emul- 
sion (7). 


RESULTS 


Table I shows the specific activities of the serum and the various tissues of 
rats sacrificed serially after administration of the isotope. When plotted on 
semilogarithmic coordinates (Text-figs. 1, 2, and 5), the specific activity of the 
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serum and of the tissues appeared to rise to a maximum only in the case of the 
pelt and the skeleton, although one would expect an initial rise (of varying 


TABLE I 


Specific Activity (per cent dose/mg. Ca) of Tissues of Suckling Rats Following Intraperitoneal 
Injection of Tracer Doses of Ca* 








Experi- | ‘Time after Skeleton 
ment | injection minus humeri Pooled organs 


1.30 
1.01 


} 
| 
| 
| 


| 
| 
| 
| 
| 








0.80 


0.77 0.91 


$6 0.63 | 0.76 
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108 ’ : 0.70 








0.99 


| 
' 








In Experiment A, tissues from a single animal were analyzed at a time. In Experiment B, 
the indicated tissue from two animals was analyzed together. 


rates) in all tissues. Throughout most of the study, the specific activities of 


both serum and tissues appear to have dropped exponentially, but coincided 
only momentarily. 
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The equations which appear best to describe the variation of specific activity 
with time are as follows:— 
Serum: Ce = 65e~9-1t +. 1, 83e-0-0%! + 0.97 ¢-0.007¢ 
Skeleton: Cy = 1.49¢-0.007t — 0) 55¢-0-201¢ 
Ce = 7.257906 + 7. OOe0-090t +. 1266-00084 — 12.7 ¢-0.513¢ 
Ce = 1.91¢-9-8# + 1.56 e~0-009¢ 
Cy = 6.60e-9-81t + 3.60 e~0.008¢ 





a- Pooled organs 
b- Skeleton 
c-Muscle 
d-Serum 
e-Pelt 
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TeExt-Fic. 1. Empirical curves of the course of the specific activity with time in the 


tissues of suckling rats following intraperitoneal administration of Ca**. For equations, 
see Equations 1 to 5, text. 


The equations, which were obtained by graphical means (8), are listed in 
order of decreasing fit. In all equations, C; = per cent of Ca“ injected per milli- 
gram calcium (specific activity) at ¢ = time in hours. The equations were de- 
rived by assuming that an exponential expression correctly describes the varia- 
tion of the specific activity with time (3, 8-11). After equations were obtained 
which appeared best to fit the experimental points, the equations were exam- 
ined for common exponential terms. The term Ae~*-%* very nearly describes 
the variation with time of the specific activity of the calcium of all tissues 
toward the end of the experiment and curves were therefore fitted on semi- 
logarithmic coordinates with a slope of —0.0035 (= 0.008/2.3). The resulting 
curves, described by Equations 1 to 5 above, and shown in Text-fig. 1, did not 


differ appreciably upon visual inspection from those originally derived without 
reference to one common slope. 
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The presence of the Ca* in the bones is visualized in the autoradiograms 
shown in Figs. 1 to 12. It is apparent that within an hour of the injection a 
substantial fraction of the isotope had already found its way into the skeleton. 


TABLE I 
Per cent of Injected Ca** Recovered in Tissues of Suckling Rats 





Experiment | Muscle Pooled organs 


| | 
| Skeleton | 
: | minus humeri | 


esaiaindigia |---- ——— 


ie “a. = sae 
61.5 5.97 


71. m 
76. 65 
.09 


81 
.92 


.23 


.62 
74.5 76 


80. .88 


82. , 
83. .99 


87. .33 
89. .O1 


0.87 85. — 0.64 
1.36 82.5 1.55 0.66 


B 108 0.34 93.8 0.38 0.43 


Analyses done on tissues from individual animals in Experiment A, on tissues from two 
animals together in Experiment B. 


Indeed, analysis showed that within 1 hour of injection 65 per cent of the dose 
was found in the skeleton (Table Il). The quantity of Ca** in the skeleton rose 
quickly (4 hours) to a value of 85 per cent of the dose. Thereafter it rose quite 
slowly, and appeared to reach a limit between 85 and 90 per cent. The calcium 
(Ca**) content of the skeleton, on the other hand, increased continuously. 
Division of a nearly constant value (Ca** content of the skeleton) by a value 
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which continuously increases (Ca*® content of the skeleton) results in decreas. 
ing specific activities (Ca**/Ca*’), as observed here. 


) 





Skeleton 
© Experiment A 
a “ 
—— Empirically fitted 
--- Ratio of Ca* and 
Ca* curves 





Specific activity 
given per mg. Ca 


(per cent of Ca*® 





+ 60 100 
Co45 Time (hours) 
Text-Fic. 2. Specific activity of the skeleton with time. 
Empirical equation :— 





Cy = 1.49¢-0-007¢ — 0, 55¢-0.201 


in which C; = per cent of Ca* given per milligram Ca 
t = hours. 
Ca® content of skeleton (minus humeri):— 


Cat? = 89,8¢9-000016t _ 14 S¢-0.0ut _ 42 3¢-0.268 


in which Caf® = per cent of Ca* given 
¢ = hours 
on the assumption that the rat’s life span is 40 weeks when the Ca* content of the 
skeleton equals 100 per cent; 7.e., no loss by excretion. 
Ca content of skeleton (minus humeri):— 


Cat” = 132¢9-0008 _ 157¢-0.0mt 4+ Q2¢-0.0508 
in which Ca?® = milligrams Ca 
¢ = hours 


on the assumption that the rat’s life span is 40 weeks when the calcium content of the 


skeleton equals 4.3 gm. 


45 

P ; : at ' , 

The dashed line represents the ratio Cato’ For discussion, see text. 
t 


An attempt was made to obtain equations for the Ca** and the Ca* contents 
of the skeleton which would be consistent with the observed course of the spe- 
cific activity and with a reasonable prediction for the Ca*® and Ca** contents 
of a mature 40-week-old rat. The equations (Text-fig. 2) which resulted from 
this attempt satisfied these conditions, but indicated (a) a loss of calcium from 
the skeleton during hours 1 to 12 of the experiment, and (6) no loss of tracer 
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from the skeleton. When condition (a) was overcome by the use of an equation 
which did not indicate a loss of calcium during hours 1 to 12, the fit for the ob- 
served specific activity was poor. On the other hand, when the calcium accre- 
tion curve and the specific activity curves were properly fitted, the final, pre- 
dicted calcium content was unrealistically high. 

No attempt was made to overcome condition (b), even though Hevesy (12) 
has shown that mice given Ca* at birth had retained only about 50 per cent of 
the tracer at death (510 days). This loss of 50 per cent can be measured in 
long term metabolism experiments. 

Text-fig. 2 shows the empirical specific activity curve of the skeleton and one 
predicted from two equations for the Ca“ and the Ca* contents of the skeleton. 
Although the two equations used have only limited predictive value, they do 
indicate that the features of the specific activity curve can be simulated by 
equations which are reasonably consistent with what is known about the 
calcium content of the skeleton. 

Figs. 5 to 12 show serial views which indicate the entry of Ca* to the epi- 
physeal plate. The coated autoradiograms are compared with sections stained 
with alizarin red. It can be seen that alizarin stains in a broad front, but that 
the silver grains, which depict the location of the calcium alone, show a more 
diffuse front in considerable detail. It appears that calcium penetrates into the 
epiphyseal plate region through the first two layers of mature chondrocytes 
where deposition seems to be initiated. Within 1 hour of injection, the Ca® 
has apparently travelled as far as it will go, even though its concentration con- 
tinues to increase till the 12th hour. 


DISCUSSION 


Examination of Text-fig. 1 raises a number of questions. Where does the 
tracer go after leaving the serum so rapidly? Why does the specific activity 
of all tissues fall with time, even that of the skeleton? How is it possible for the 
specific activity of various tissues to exceed that of the serum? 

The analyses shown in Table II and the course of the tracer pictured in 
Figs. 1 to 10 indicate that the major fraction of the tracer has gone to the skele- 
ton in as short a period as 1 hour. Because most of the tracer that leaves the 
blood can be presumed to be in the skeleton, a plot of total radioactivity in 
bone versus time should yield a curve the shape of which is a near-mirror image 
of a similar plot of total activity in blood versus time. As can be seen from Text- 
fig. 3, the shape of the two curves is similar. When the curves are plotted on 
Cartesian coordinates, it can be seen that the early fall-off of the serum curve is 
steeper than the gain in the curve for the skeleton, which does not form a pla- 
teau as does the curve for the blood. It must be remembered that not all of 
the tracer is in the skeleton and that the skeleton continues to acquire from the 
blood smal! but definite quantities of radiocalcium. 
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In all likelihood, the decrease in the specific activity of the skeleton after the 
12th hour (Text-fig. 2) is due to dilution with unlabelled calcium laid down 


100 





*— Total Ca content 
of skeleton 
(minus humeri) 

o— Total Ca® content 
of blood 


Per cent of Cat given 








Se ee ee ae 
40 60 80 100 
Time (hours) 


Text-Fic. 3. Total Ca® content of blood and skeleton (minus humeri) of 10-day- 
old rats. Curves shown were fitted to the experimental points. 


Casker = 89.8¢9-00006t _ 14 5¢-0.0t — 42 3¢-0.28¢ 


in which Cater = per cent of Ca*® in skeleton (minus humeri) 
t = time (hours) 
This equation is the same as in Text-fig. 2. 


Cabiooa = 95.171! + 1,82¢--1t 4. 0,72¢-0.0088 


in which Cabtooa = per cent of Ca‘ in blood 

t = time. 
Blood volume calculated on weight basis from data cited by Donaldson (23). Serum 
volume assumed to equal half the blood volume. Measurements performed on serum 


aliquots. Because red blood cells are Ca-free, Ca content of serum = Ca content 
of blood. 


For further discussion, see text. 


during growth. This process of dilution, alluded to in the discussion of Text- 
fig. 2, above, is also illustrated by Figs. 1 to 4. Here the more rapidly growing 
proximal end of the humerus seems to have less tracer after 12 hours than the 
more slowly growing distal end. Because little, if any, Ca**, was lost from the 
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skeleton during that period (Table II) some of the labelled calcium in the proxi- 
mal portion has either been covered up by unlabelled accreted calcium or has 
been lost to other parts of the skeleton during reconstruction of the metaphysis 
(cf. reference 13). 

Armstrong and Barnum (14) have previously reported the presence of Ca“ 
in the pelt of animals injected with this isotope, but Armstrong has attributed 
this to the rats licking themselves (14, 15). Norris and Kisieleski (16) have 
reported that the pelt contains higher levels of strontium and radium than the 
blood. The data reported here also indicate that the specific activity of the 
pelt is higher than that of the serum; our animals were suckling at all times, so 
that Ca transfer to the pelt via the saliva must have been unimportant. 

Copp (17) has assumed that the calcium in the skin is in the extracellular 
space. This is not likely to be true of all of the calcium in the skin, because the 
specific activity of calcium in the extracellular fluid can be assumed to be iden- 
tical with that of the serum calcium (provided the specific activities of the io- 
nized and un-ionized portions of the serum calcium are alike), whereas the data 
reported here (Table I) show that the specific activities of serum and pelt were 
not identical. 

In a very recent publication, Bélanger (18) reports the occurrence of Ca* 
in skin 2 hours following the injection of 150 mc. Ca* into rats 10 days of age. 
Maximum concentrations were seen in the autoradiograms at the epidermis 
and in the keratogenous zone. Belanger suggests that calcium is taken up by 
the skin against a gradient. 

The results reported here suggest the following conditions for a model which 
might simulate these results:— 

(a) There is always net flow of tracer into the skeleton. 

(b) Transfer of tracer into the soft tissues is always faster than transfer out. 

(c) Loss from the total system is negligible. 

Text-fig. 4 shows a model which illustrates these conditions. It is a multi- 
compartment system with a central pool (blood) with essentially irreversible 
transfer to the skeleton and reversible transfer to the pelt, the muscles, and 
the pooled internal organs. Loss by excretion was considered negligible as a 
first approximation. The model describes the main features of the experimental 
curves, if the following condition is set up for transfer of tracer from the pelt, 
the muscles, and the pooled organs to the serum!:— 

dC’ 


ad = RA(C; = Ci) (6) 


‘An alternate procedure, more feasible for use with an analog computer, is to 
predict the serum-specific activity curve with the specific activity of a given tissue 
as a basis. Because the computations reported here were done by hand and because 
the serum equation (Equation 1) fitted the data best, it was used as a basis for pre- 
dicting the curves of the specific activity of the other tissues. 
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in which C; = the predicted course of the specific activity of a given tissue 
with time 
C, = the observed course of the specific activity of serum with time 
(Equation 1) 
k_, = the transfer constant from a given tissue to serum 
With Equation 6 as a basis, transfer constants were evaluated over the time 
period studied for the pelt, the muscles, and the pooled organs. This was done 
by utilizing Equations 3 to 5, respectively, for evaluating dC’t/dt, C A and Ct 
for a given time period. Not unexpectedly, the resulting values for the trans- 
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Text-Fic. 4. A multi-compartment model for calcium distribution. 


fer constants varied. This procedure, however, indicated the probable range of 
the transfer constants. Equation 6 was then integrated to give Equation 7 


» hyAs 
C: 


ky Ao L 
—a,t 2 —azt ak! it 
= —=—— —_————— 4 ; 1 — +B 1 (7) 
ky -— @, r ky = @& ; ky -— & : ky 7 


, 
ky A; er 


in which 
Aye"*1' — Ase-@2* — Age o3¢ = C; 


and refers to Equation 1. 


L = the final specific activity which the serum approaches (0.005 per cent/ 
mg. Ca). 

Hevesy (12) has reported that about half of the calcium atoms present at 
birth are conserved during the lifetime of the mouse. Extrapolation of this 
to a rat with a terminal weight of 500 gm. and a terminal Ca content of 
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10 gm. will yield a specific activity of 0.005 per cent/mg. Ca, if it is assumed 
that half of the dose given at 10 days of age will be retained by the animal.? 


ks Ay kA: ka As L ' 


C-s 6-6 Aa 





B= 


in which Co = value of C’ at t = 0; and ky = transfer constant from com- 
partment in question to serum. 

The transfer constants were then fitted by choice so as to obtain a solution 
for Equation 7, the course of which would approximate as closely as possible 
the course of the empirical Equations 3 to 5. The degree of success of this 
procedure can be judged by inspecting Text-figs. 5 a to 5 c. As can be seen, the 
predicted curves exhibit the major properties of the empirical curves, but tend 
to overshoot them in the case of pelt and muscle and to undershoot in the case 
of the pooled organs. As would be expected, all three predicted curves clearly 


TABLE III 


Transfer Constants and Transfer Times for Ca“ Injected Intraperitoneally 
into 10-Day-Old Rats 


To serum from ku 1/ku 


per hr. ; ; hrs. 
Organs etal 0.055 18 
Pelt. . 0.055 18 


Muscle wore: 0.028 36 


exhibit the initial rise seen experimentally in the case of only the skeleton and 
the pelt. The transfer times and constants are shown in Table III. They are 
listed in order of decreasing magnitude. Transfer from the organs was probably 
faster than indicated, as the curve proved relatively insensitive to changes 
upward in the constants, whereas transfer from the other two tissue groups 
may have been slower than shown. 

Successful prediction of the specific activity curves on the basis of the rela- 
tively simple model shown in Text-fig. 4 suggests that it is incorrect to expect 
that the specific activity of the serum and of the soft tissues would be equal for 
any length of time. With the skeleton acting as a trap for calcium from the 
blood, the specific activity of the soft tissues exceeded that of the blood for 


*It is clearly incorrect to assume that the final specific activity of the blood will 
equal that of the bone, but some value had to be chosen for analytical purposes. 

The calculation indicates an upper limit. For convenience, a lower calcium con- 
tent and a younger age were chosen in developing the equations for Text-fig. 2; these 
would have resulted in a higher value for L, but the lower value for Z used here seemed 
more realistic. 
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most of the period studied here and would continue to do so. The rapid “equi- 
libration” in specific activity of the calcium in the different non-mineralized 
compartments of the body would not occur in the model shown in Text-fig. 
4, nor has it occurred for 5 days in the bodies of the rats studied here. 
Empirical equations for the course of Ca*® in the serum of children and 
adults (19-21) have required four exponential terms, as opposed to the three 
terms seen here. In the case of the children (19), the period of observation was 
the same as here, but it was longer in the case of adults (19, 20) and in a pa- 
tient with gargoylism (21). One is tempted to speculate that the absence of a 
fourth term in Equation 1 reflects the absence of excretion in the suckling rats. 
This speculation should not be understood as identifying a particular term 
in Equation 1 with a particular compartment, ¢.g. excretion. Text-fig. 5 and 
Equation 7 make it clear that the equation for each compartment must, in fact, 
contain the same number of terms, although the number of terms in the equa- 
tion naturally reflects the number of compartments considered. Conceivably, 
an empirical equation with a single term may approximate the course of a theo- 
retical multiterm equation, but it would be incorrect, theoretically, to attempt 


Text-Fic. 5. Comparison of empirical (solid line) and predicted (dashed line) 
curves for the course of the specific activity of Ca** with time in the tissues of suckling 
rats. The empirical curves were fitted to the experimental points (cf. Equations 3 to 
5, text). The predicted curves were obtained by fitting Equation 7, text. The transfer 
coefficients are tabulated in Table IIT. 


(a) Pelt:— 
Empirical equation.— 
Cy = 7.25e-0-208 4 7,00e-0-0008 4+ 1 26¢~0.008 — 12. 7¢~0-mat 
Predicted equation.— 
Ce = 9.21¢-0-088¢ + 1,12¢-0-007¢ —7 67 ¢-0.88t — 2.72 ¢-0-088¢ + 0.06 
(6) Muscle:— 
Empirical equation.— 
Ce = 1.91e--* + 1.56 e~0.0088 
Predicted equation.— 
Cy = 3.08e-9-08! + 1.29¢-0-0078 — 3.71 6-0-8! — 0.79¢-0.0mt 4+ 0.12 
(c) Pooled Organs:— 
Empirical equation.— 
Cy = 6.60e~9- lt + 3.60e- 0.008! 
Predicted equation.— 


Cy = 9.21e-0-0868 + 1.12¢-0-008 — 7.67 ¢-0-t — 2.72¢-0.0mt + 0.06 
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to identify a given exponential term in Equation 1 with a particular compart- 
ment. 

One of the features of this study is that the specific activity of the serum was 
lower than that of the other tissues at most times. In a study (21) where Ca“ 
was injected into a 10-year-old patient with gargoylism, the specific activity 
of only a few tissues (brain, bile, liver, one section of the ileum) exceeded that 
of the serum, whereas the specific activity of the bony tissues never approached 
that of the serum. The question arises why the specific activity of the serum of 
the rats studied here was lower than that of the skeleton, even though tracer 
was being supplied to the skeleton from the blood. The only possible explana- 
tion is that at the point of exchange or deposition, the specific activity of the 
skeleton was, in fact, lower than that of the blood. However, because the skele- 
ton of these rats underwent very active and rapid mineralization, the radio- 
calcium must be presumed to have been incorporated in bone and to be no 
longer available for exchange, even though the specific activity of the blood 
continued to decrease. Thus, as new sites of bone formation developed, their 
specific activity was lower than that of the circulating plasma. This formula- 
tion (cf. Arnold, Jee, and Johnson (22) for a detailed discussion of these con- 
siderations), explains how the gradient plasma — bone could have been main- 
tained. It is also consistent with the appearance of the autoradiogram of the 
more rapidly growing proximal epiphysis, as compared with that of the distal 
epiphysis at 96 hours. (Figs. 1 to 4). 


It is a pleasure to record my indebtedness to Dr. Frank Brink, Jr., whose patient 
guidance and thoughtful discussions helped to formulate the theoretical aspects of 
the problem. 
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DISPOSITION OF Ca*® IN SUCKLING RATS 


EXPLANATION OF PLATES 
The photographs were made by Mr. J. A. Carlile. 


PLATE 4 


Fics. 1 to 4. Contact autoradiograms prepared from sections of humeri of suckling 
rats, following intraperitoneal injection of radiocalcium. X 7.7. 

Humeri were fixed for 48 hours at 25°C. in 80 per cent ethanol, previously saturated 
with MgCOs. They were dried by passage through alcohol and xylol, embedded in 
paraffin, sectioned at 7 uw, and exposed to Kodak contact ortho process film for 53 


hours at 20°C. 
The hours indicate the time elapsed between isotope administration and sacrifice. 
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Bronner: Disposition of Ca* in suckling rats 





PLATE 5 
Fics. 5 to 10. Comparison of appearance of area at epiphyseal plate of sections 
of humeri from suckling rats, following intraperitoneal injection of radiocalcium. 
x 118. 
For details of fixation and sectioning, see legend, Figs. 1 to 4. Sections were coated 
with Kodak NTB; emulsion and exposed for 10 days at 4°C. Adjoining sections were 
stained with alizarin red (24). 


The hours indicate the time elapsed between isotope administration and sacrifice. 
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PLATE 6 


Fics. 11 and 12. Enlarged view of the area at epiphyseal plate of sections of humeri 
from suckling rats 1 hour after intraperitoneal injection of radiocalcium. X 280. 

For experimental details, see legends of Figs. 1 to 10. 

Note that the Ca* seems to be at the outside of the chondrocytes and has pene- 
trated to about the second layer of the chondrocytes. This is its maximum dispersion. 
Note the detail seen on the coated section as compared with the lack of detail in 


the section stained with alizarin red. 
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THE SECRETION OF INERT GAS INTO THE SWIM-BLADDER 
OF FISH 
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ABSTRACT 


The composition of the gas mixture secreted into the swim-bladders of several 
species of fish has been determined in the mass spectrometer. The secreted gas dif- 
fered greatly from the gas mixture breathed by the fish in the relative proportions 
of the chemically inert gases, argon, neon, helium, and nitrogen. Relative to nitrogen 
the proportion of the very soluble argon was increased and the proportions of the 
much less soluble neon and helium decreased. The composition of the secreted gas 
approaches the composition of the gas mixture dissolved in the tissue fluid. A theory 
of inert gas secretion is proposed. It is suggested that oxygen gas is actively secreted 
and evolved in the form of minute bubbles, that inert gases diffuse into these bubbles, 
and that the bubbles are passed into the swim-bladder carrying with them inert 
gases. Coupled to a preferential reabsorption of oxygen from the swim-bladder this 
mechanism can achieve high tensions of inert gas in the swim-bladder. The accumula- 
tion of nearly pure nitrogen in the swim-bladder of goldfish (Carassius auratus) is 
accomplished by the secretion of an oxygen-rich gas mixture followed by the reab- 
sorption of oxygen. 


The entry of gases into the swim-bladder of fish has been recognized as an 
active process, that is a process requiring work, for over one hundred and fifty 
years. Both oxygen and chemically inert gases, e.g. nitrogen and argon, can 
be brought into the bladder against a large concentration gradient. The present 
study establishes the mechanism of transport of chemically inert gases into 
the swim-bladder. 

The primary function of the secretory mechanism is clearly the transport 
of oxygen gas into the swim-bladder, since oxygen may comprise over 90 per 
cent of the gases contained in the swim-bladders of fish captured from great 
depths, and the oxygen tension in their swim-bladders is commonly greater than 


* This investigation was supported by a Senior Research Fellowship (S.F. 57) from 
the Public Health Service, and by a research grant from the National Science Founda- 
tion. 
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100 atmospheres (Biot, 1807; Richard, 1895; Schloesing and Richard, 189%: 
Scholander and van Dam, 1953). The swim-bladder of surface-living fish may 
contain a variable proportion of oxygen, but if the swim-bladder of most 
physoclists be emptied experimentally, oxygen will comprise a large proportion, 
up to 95 per cent, of the gases secreted to restore the original volume of the 
swim-bladder (Moreau, 1877, confirmed by many workers). 

Chemically inert gases also are brought into the swim-bladder against a 
concentration gradient. In deep sea fish for instance, although nitrogen and 
argon make up only a small proportion (10 to 20 per cent) of the swim-bladder 
gas, at the enormous pressures (100 to 200 atmospheres) at which these fish 
live the tension exerted by the nitrogen in the swim-bladder may amount to 
10 to 20 atmospheres (Schloesing and Richard, 1896; Scholander and van Dam, 
1953; Scholander, 1954). Since the tension of dissolved nitrogen in sea water is 
0.8 atmosphere at all depths, it is apparent that a ten- to twentyfold concentra- 
tion of nitrogen has been achieved in the swim-bladder. A similar situation 
holds for argon. The ratios, argon to nitrogen found for the gases in the swim- 
bladders of deep sea fish, are about the same as the ratio in air (Schloesing and 
Richard, 1896; Scholander, 1954). The argon must therefore have been con- 
centrated to the same extent as the nitrogen, and the argon tensions in the 
swim-bladder are ten to twenty times as great as in the sea water. 

A perhaps even more impressive accumulation of inert gases against a 
pressure gradient occurs in the fresh water coregonids. Hiifner reported in 1892 
that the swim-bladder gases of whitefish (Coregonus acronius) captured from 
the bottom of the Bodensee at a depth of 180 to 240 feet contained 99 per 
cent of nitrogen. Accordingly the nitrogen tension in the bladder at the depth 
at which the fish was captured must have been 5 to 7 atmospheres. Saunders 
(1953), Tait (1956), and Scholander, van Dam, and Enns (1956), have found 
virtually pure nitrogen at 10 atmospheres pressure in the swim-bladder of 
several species of fresh water physostomes captured from the depths of Lake 
Huron and Lake Michigan. The argon concentrations in the swim-bladders of 
these coregonids are enhanced to the same extent as the nitrogen concentrations, 
and the ratios, argon to nitrogen found, are not greatly different from the ratio 
in air (Tait, 1956; Scholander ef al., 1956). At the depth of 100 meters at 
which these fish were captured the pressure is about 10 atmospheres and the 
tension of argon in the swim-bladder accordingly is ten times as great as the 
tension in the lake water. 

In a discussion of Schloesing and Richard’s and Hiifner’s findings, J. 5. 
Haldane (1898) pointed out that while nitrogen might have entered the swim- 
bladder by a chemical mechanism, the presence in the swim-bladder of the 
noble gas argon at a tension far in excess of that in sea water demanded a 
“physical” mechanism to account for the entrance into the swim-bladder of 
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inert gases. Furthermore since the argon to nitrogen ratio in the bladder gases 
of both deep sea physoclists and deep lake physostomes approaches that of air, 
it appears likely that argon and nitrogen are secreted into the swim-bladder by 
a common mechanism. 

The aim of the present study is to present evidence for a physical mechanism 
which can account for the secretion of inert gases. It will be argued that the 
secretion of inert gases is a corollary of the secretion of oxygen, (even in fish 
whose bladder gas consists of 100 per cent nitrogen), and that chemical work is 
necessary only in the latter process. It will be suggested that oxygen is secreted 
in the form of minute bubbles, that inert gases diffuse into the bubbles during 
their formation, and that in entering the swim-bladder the oxygen bubbles 
carry with them inert gases. 


Experiments on the Secretion of Gas 


The composition of the swim-bladder gases is the resultant of two processes, 
gas secretion and gas removal. Each process may be considered to proceed 
independently, and indeed many fish possess separate structures, the gas gland 
and the oval window, specialized for gas secretion and removal respectively. 
Furthermore, since the anima] can vary the volume of gas in the bladder it is 
evident that at any one time one process may proceed more rapidly than the 
other. All of the volume change is achieved through the action of the specialized 


structures since the bladder wall is impermeable to gas. In order to study gas 
secretion, conditions were sought under which secretion would predominate and 
the composition of the gases accumulating in the bladder would approximate 
that of the secreted gas. 


The swim-bladders of fish were emptied as completely as possible with a syringe 
fitted with a fine needle. Emptying stimulates the animal to secrete gas, and secre- 
tion was allowed to proceed until the initial gas volume was largely replaced. The 
newly secreted gases were removed completely with a syringe and analyzed. Only 
samples from animals in which a substantial fraction (40 to 110 per cent) of the 
original volume had been replaced were accepted for analysis. In this way the dilu- 
tion of any residual gas in the bladder was assured, and the fact of substantial secre- 
tion established. In a number of instances marine fishes refilled their bladders two to 
four times successively. The analyses of such samples were usually in good agreement, 
although the proportion of oxygen tended to decrease as the animal became ex- 
hausted. Each of these analyses is recorded individually in Figs. 1 to 3. 

Fish were maintained in air-equilibrated water or in closed vessels of water equi- 
librated with a stream of a gas mixture: 1.8 per cent neon in air; or 3.2 per cent helium 
in air. The gas mixtures were supplied from the large tanks so that their composition 


remained constant throughout the experiment and were passed through the water 
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for 15 to 24 hours before introducing the fish. The water temperature, except for 
experiments with trout, was between 22°C. and 27°C.! 

Eels (Anguilla rostrata (LeSueur)).—Eels captured in coastal bays were maintained 
either in running sea water or in aerated artificial sea water (Brujewicz, 1931). Al- 
though a physostome, the eel does not pass swallowed air into the swim-bladder. 
The gases of the emptied bladder are replaced in from 12 to 24 hours. 

Toadfish (Opsanus tau) (Linnaeus).—Toadfish were maintained in running sea 
water. The gases of the emptied bladder are replaced in from 18 to 24 hours. 

Sea Robins (Prionotus carolinus (Linnaeus) and P. evolans (Linnaeus))—Sea 
robins were maintained in running sea water. Replacement of the bladder gas volume 
is roughly 20 per cent complete in 12 to 24 hours; 60 per cent complete in 36 hours, 
and complete at 48 hours. The samples analyzed were accumulated during 24 to 
36 hours. 

Scup (Stenotomus versicolor (Mitchill)).—Scup were maintained in running sea 
water. Replacement of the bladder gas volume is very rapid, being half complete in 
4 to 6 hours, complete at 10 to 12 hours. 

Goldfish (Carassius auratus (Linnaeus)).—Six to seven inch fish were maintained 
in aerated tap water containing 0.1 per cent of sodium chloride. The swim-bladder 
of goldfish is separated into anterior and posterior chambers linked by a short ductus 
communicans. In the resting animal the sphincters of the ductus communicans are 
closed and for the experiment the two chambers were emptied separately. In the 
actively secreting animal the ductus communicans is open. Goldfish will fill their 
swim-bladders with swallowed air, and the experimental fish were therefore kept 
under a wire screen which barred them from access to the surface. Replacement of 
the gas volume of the emptied swim-bladder is about 70 per cent complete in 4 days, 
at which time the oxygen concentration of the bladder gases is maximal. The original 
volume is restored in from 5 to 7 days. The samples analyzed here were taken at 4 
days. 

Rainbow Trout (Salmo gairdneri (Richardson)).—The trout (Rainbow and Brown 
trout) were maintained in flowing spring water (temperature 12°C.) at the New York 
State Fish Hatchery, Cold Spring Harbor, New York. Since trout are physostomatous 
and might swallow air, they were denied access to the surface by a wire screen. Rain- 
bow trout were not fed. Replacement of the gas volume of the emptied bladder in 
four animals was 30 and 55 per cent complete at 7 days and 32 and 100 per cent 
complete at 13 days. 

Brown Trout (Salmo trutta (Linnaeus)).—The secretion of gas into the swim-blad- 
der of trout is best demonstrated in small fish, about 100 gm. or less. Unequivocal 
refilling of the emptied bladder was obtained in nineteen individual brown trout of 

1 Successive samples of swim-bladder gases from fish maintained in tanks of water 
through which the gas mixtures were bubbled did not reach relatively constant values 
of the neon to nitrogen or helium to nitrogen ratio until the experiment had been 
maintained for more than 20 hours. This unexpectedly slow equilibration has neces- 
sitated selecting from the experiments only those samples which were the second or 
third successive samples from the same animal, or samples from fish judged to have 
been in sufficiently long contact with the gas mixtures. 
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this size range, as well as in the four rainbow trout. When the animals were main- 
tained without food, refilling of the emptied bladder was about 50 per cent complete 
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Fic. 1. Composition of secreted swim-bladder gas. The points represent individual 
fish; the solid line, the composition predicted from Equation 6 for small bubbles 


formed in air-equilibrated water when the internal pressure of the bubble is 1 atmos- 
phere. 





at 8 days and from 40 to 100 per cent complete at 13 days. Fish fed a stock diet of 
minced boiled liver and spleen appeared healthier and uniformly refilled their swim- 
bladders completely at 11 days. 
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Analyses.—Gas samples were withdrawn into syringes lubricated with water and 
immediately transferred over mercury into appropriate vessels for storage. Oxygen 
was removed from the gas samples from marine fish by equilibration with an equal 
volume of Fieser’s solution (sodium hydrosulfite, 10 gm., and sodium anthroquinone- 
beta-sulfonate, 0.05 gm. in 100 cc. of 6 per cent KOH), prior to analysis of the residual 
non-absorbable gases in the mass spectrometer. 

Analysis for carbon dioxide, oxygen, and non-absorbable gases was by the method 
of Fry et al. (1949) or of Scholander et al. (1955). 

The ratios argon to nitrogen, neon to nitrogen, and helium to nitrogen were de- 
termined in the mass spectrometer. I am indebted to Dr. Henry D. Hoberman and 
to Dr. Anthony San Pietro, The McCollum-Pratt Institute, The Johns Hopkins 
University, for the mass spectrographic determinations. 


Composition of the Newly Secreted Gas 


The compositions of the ‘‘newly secreted” swim-bladder gases of individuals 
of several species of fish are presented graphically in Fig. 1. The abscissa ex- 
presses the nitrogen concentration as the fraction of the total gases, which at | 
atmosphere pressure is equivalent to the partial pressure. Since carbon dioxide 
occurs in the secreted gases in variable, small amounts the partial pressure of 
oxygen is nearly but not quite equal to 1 minus the partial pressure of nitrogen. 
The ordinate expresses the ratio argon to nitrogen. This ratio increases with 
increasing oxygen (decreasing nitrogen) concentration and is greater than the 


ratio in air for all samples containing substantial proportions of oxygen. The 
average of the five highest values is 2.33 X 10-*. (Note that the ratios given 
here concern newly secreted gas; the samples analyzed by other authors have 
represented steady state gas composition achieved over a long period of time.) 
It will be noted that in this experiment carried out at 1 atmosphere pressure 
only oxygen gas is present at tensions greater than the tension in air. 


Theoretical Considerations 


The nature of the physical mechanism underlying the secretion of iner' 
gases may be deduced from the composition of the gas secreted into the swim- 
bladder by fish capable of producing a gas mixture rich in oxygen. Experiments 
to be considered later make it probable that the same mechanism operates in 
fish whose swim-b!~dder is normally filled with nitrogen. 

The ratio, argon to nitrogen, found in the secreted gases is vastly difierent 
from the ratio in air. To bring about this difference, the mechanism of gas 
secretion must depend on some physical property in which the gases differ. 
This property is clearly the solubility of the gases in water, since the diffusion 
constants of argon and nitrogen are nearly the same, but the solubility of argon 
in water is about twice that of nitrogen.? A consequence of the solubility differ- 


2 Jones (1950) determined the relative diffusion rates of nitrogen, argon, an 
helium through a hydrated gelatin membrane to be 1.00, 0.84, and 2.57 respectivels 
The solubility in water expressed as Henry’s law constant K at 20°C., is 5.75 x 10°, 
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ence is that the composition of the gas dissolved in air-equilibrated water will 
differ markedly from the composition of air; the dissolved gas obviously is 
richer in the more soluble components. The ratio argon to nitrogen in air is 
1.18 X 10-°; and in the gas dissolved in air-saturated water this ratio is increased 
to 2.64 X 10-*. The highest values of the argon to nitrogen ratio encountered in 
newly secreted swim-bladder gases average 2.33 X 10~*, which approaches closely 
the value in air-saturated water. 

The formation of small bubbles in the evolution of the gas phase offers an 
explanation which can adequately explain the experimental findings.* Let us 
assume that a metabolic process in the gas gland is capable of producing a 
local oxygen tension greater than 1 atmosphere. We further assume the presence 
of local conditions producing gas nuclei from which bubbles can grow. Then in 
the actively secreting gland small bubbles of oxygen gas will form. Dissolved 
gases will invade these bubbles. The entry of each dissolved gas into the bubble 
depends on the concentration of that gas in the solution. These concentrations 
in turn depend on the product of the partial pressure of each gas in the gas 
phase (e.g., air) with which the solution is in equilibrium and the solubility in 
water of each gas. Since the composition of the dissolved gas differs from that 
of air, and is relatively richer in the more soluble gases, the mixture of inert 
gases entering the oxygen bubbles will consequently be relatively enriched in 
the more soluble components. The more complete the exhaustion of dissolved 
gas from the vicinity of the bubble, the more the bubble will be enriched in the 
more soluble components, and the more closely the composition of the bubble 
will approach the dissolved gas. This forms the basis of the physical explanation 
of the phenomenon of inert gas secretion. 

The growth and solution of gas bubbles in water have been studied experi- 
mentally. Harvey ef al. (1944) have described a most ingenious visual demon- 
stration of the process. Wyman et al. (1952) have studied quantitatively the 
rate of disappearance and the change of composition of dissolving gas bubbles, 
and have devised a mathematical expression of the physical laws governing 
these changes. In their treatment they assumed that “the composition of the 
water in respect to dissolved gas is everywhere uniform except in a thin shell 
surrounding the bubble and that the gas in the bubble is uniform right up to the 
gas water interface. The inner layer of water in the shell will be in equilibrium 
with the gas, and the whole of the diffusion gradient which causes the gas to 
pass from the bubble to the water”—(or vice versa)—“‘will be supported by 
the shell.” From the rates of solution of bubbles at various pressures and taking 
into account the known values of the diffusivity and solubility of oxygen and 


2.58 X 107, 10.9 x 10’, and 9.14 x 10’ for nitrogen, argon, helium, and neon respec- 
tively (Jones 1949). The value of K is greater for less soluble gases. 

* Powers (1932) suggested that bubbles of oxygen gas might carry inert gases into 
the swim-bladder. 
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nitrogen, Wyman ef al. were able to calculate the thickness of the water shel] 
surrounding the bubble. For the large bubbles (3 to 5 mm. diameter) studied 
the thickness of the shell was estimated to be 3.3 X 10-* cm. 

Concerning the nature of this shell Wyman et al. state: “It should be realized 
that the picture of a sharply defined water shell supporting a uniform diffusion 
gradient surrounding the bubble is artificial. The bubble behaves as if this were 
the case, but this simply means that the mixing of the water is practically 
complete up to a distance from the air-water interface of the same order of 
magnitude as the calculated thickness of the shell.” 

The concept of the water shell surrounding the bubble allows a simplified 
mathematical treatment of the behavior of small bubbles. As will be discussed 
below there is good reason to believe that bubbles involved in the cellular 
secretion of gas must be of less than cellular dimensions. If the average diameter 
of a secreting cell‘ is 10 to 20 micra, then the bubble must be less than 20 micra 
diameter, and by this token will be small in comparison with the thickness (30 
micra) estimated for the water shell surrounding large bubbles. The inert gases 
entering such an intracellular oxygen bubble can be considered to be drawn 
only from a shell of water surrounding the bubble. (In large bubbles the gases 
are drawn from the bulk of the water solution external to the shell.) Of course, a 
gradient of inert gas concentration will exist within the shell. At the outside of 
the shell the concentrations will approach those in air-equilibrated water; at 
the gas-water interface the dissolved gases will be in equilibrium with the gas 
phase. However, in order to permit an algebraic treatment we will introduce an 
approximation and consider the shell to be uniformly depleted of inert gases. 
This will have the effect of decreasing the nominal size of the shell. It is also 
evident that the quasiequilibrium state can persist for only a short period of 
time. Eventually the inert gases of the bubble must come into equilibrium with 
the bulk of the water and approach air in composition. However, these equi- 
libria are apparently approached slowly, requiring about 10 minutes for the 
size of bubble and the degree of stirring used by Wyman et al.; we may con- 
sider that an intracellular bubble would be formed, grow to a critical size, and 
would be expelled from the cell within a matter of minutes, mimicking in its 
behavior the contractile vacuole of protozoa. The time scale, presumed constant 
for any one animal, would be reflected in the nominal size of the shell. The 
intracellular gas bubble of Arcella (discussed below) (Bles, 1929), although it 
does not leave the cell, is formed and grows to maximum size in from 2 to 15 
minutes. 

The composition of a transitory small bubble may be approximated by the 
description of the equilibrium partition of gas between the bubble and a liquid 


‘The diameter of the cells in sections of the gas glands of an eel and a sea robin, 
measured with an ocular micrometer averaged 7 and 14 microns respectively. I thank 
Dr. Berta Scharrer for her help with these measurements. 
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shell. We assume the bubble to be initially formed of oxygen gas in equilibrium 
with the intracellular fluid in which a high oxygen tension is maintained 
metabolically. We introduce p to denote the partial pressure of an inert gas in 
the bubble; ., the partial pressure of that gas equilibrated with the bulk of 
the liquid phase; V,, the volume of the bubble; V;, the volume of the liquid 
shell; 2), the number of moles of the gas in the bubble; ,, the number of moles 
of the gas in the liquid shell; K, the Henry law constant for that gas; R, the 
gas constant; and 7, the absolute temperature. The solubility of a gas in a 
liquid, is given by Henry’s law which states that the mole fraction of the gas 
in solution is equal to the partial pressure of that gas in millimeters of mercury 
divided by the constant, K, for that gas. 

The newly formed bubble is assumed to arise in liquid which was initially in 
equilibrium with air, and which therefore contains argon, nitrogen (and other 
inert gases) in concentrations dictated by the partial pressures of the respective 
gases in air. By hypothesis the local oxygen tension is high and the largest 
part of the gas in the bubble is oxygen. The inert gases entering the bubble are 
derived entirely from the liquid shell, and the total amount of an inert gas in 
the shell and bubble combined is therefore equal to the amount of that gas 
present in the shell before the bubble formed. 

Then from Henry’s law, the total amount of an inert gas in the bubble plus 
shell is: 


At equilibrium the amount of the inert gas remaining in the liquid shell is 
described by the partial pressure of that gas in the bubble. From Henry’s law: 


<x Vi X 55.5 XK 7600 


The constants 55.5 and 760 are introduced to convert the usual units of the 
Henry law constant (mole fraction, and millimeters of mercury) to molar 
concentration and atmospheres. From the gas law: 


ow Pls 
° RT 


Combining Equations 1, 2, 3, we obtain: 


Ve = ) x 55.5 X 760 
— =e — an oat / 
v, Kp po p 
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, V,. . 

Since “4 is the same for all gases in the system, for any two gases, denoted by 

: ) 
r, 7 , uw 


, , Vo g ; 
prime and double prime we may set —| = ” and write: 
l l 


RT ( , ’) an RT (p ” ) 
K’p’ Po p K"p" Po p 
me Sd 8 

K”" p” 


Rearranging to a form in which the terms are convenient for experimental 
measurement we obtain: 


?” po” K’ 


?’ = p'(K’ —* K”) + po K” 





(6) 


Equation 6 describes the family of compositions obtaining in transitory small 


re: ae . , 
bubbles of varying ratios, 7," Since by hypothesis the swim-bladder gas repre- 
l 


sents extruded bubbles, this relation provides an opportunity to compare the 
composition of the swim-bladder gas with prediction. The ratio, p”/p’, of any 
two (inert) gases is determinable in the mass spectrometer. The partial pres- 
sure, p’, of one of these gases, nitrogen, is given by the proportion of that gas in 
the swim-bladder gases when the experiment is performed at 1 atmosphere 
pressure, and is, of course, approximately equal to 1 minus the proportion of 
oxygen. (The internal pressure of the intracellular bubble is assumed to be not 
too far from 1 atmosphere.) Finally the composition of the gas phase (e.g., air) 
with which the aqueous phase was equilibrated, is described by the constants 
po’ and fo”. The predicted composition of the swim-bladder gases is presented 
graphically as the relation between p”/p’ and p’ calculated for the three dif- 
ferent gas mixtures offered to fish (the solid lines of Figs. 1, 2, and 3). The 


ai , <0 
compositions corresponding to small values of the volume ratio — fall to the 


left of the graph, larger values to the right. These predictions are to be com- 
pared to the experimental points of Fig. 1, 2, and 3 each of which represents the 
composition of the “newly secreted” swim-bladder gases of an individual fish. 

The findings presented in Figs. 1, 2, and 3 form the experimental basis for 
the theory of inert gas secretion through bubble formation. The accord between 
the prediction and the findings disclosed in these figures is sufficiently exact to 
indicate the essential correctness of the interpretation given. 

The agreement achieved between the findings and the prediction is judged to 
be satisfactory, even in the face of the relatively large discrepancies seen in 
Fig. 1. Several sources of error which should tend to displace the points from 
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the line in the direction shown are: any equilibration of the swim-bladder gases 
with the argon and nitrogen of the circulating blood; any contribution to the 
secreted gases from the Bohr effect in the rete mirabile; and any contribution 
from surface tension to the internal pressure of the intracellular bubble which 
would have the effect of increasing the oxygen tension relative to the argon 
to nitrogen ratio. It is judged significant that the argon (and neon and helium) 
to nitrogen ratios found approach but do not exceed the theoretical maximum. 


Gas Mixture Administered 
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PARTIAL PRESSURE OF NITROGEN (ATMOSPHERES) 


Fic. 2. Composition of secreted swim-bladder gas of fish breathing a mixture of 
helium and air. The points represent individual fish; the solid line, the composition 
predicted from Equation 6 for small bubbles formed in water equilibrated with 3.2 
per cent helium, 96.8 per cent air, when the internal pressure of the bubble is 1 at- 
mosphere. 





Experiments with Helium and Neon 


The foregoing interpretation rests on the assumption that solubility in water 
is the property of the inert gases pertinent to the explanation of the physical 
mechanism of inert gas secretion. Argon, more soluble than nitrogen, was found 
to be enhanced in the secreted gas. We may predict therefore that the secreted 
gas mixture will be relatively depleted of gases such as helium or neon which 
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are less soluble than nitrogen in water.” In fact the compositions of the secreted 
swim-bladder gas from fish maintained in water equilibrated with 3.2 per cent 
helium in air or with 1.8 per cent neon in air do display the expected relative 
depletion of helium and neon; and the data, while scanty, are in adequate 
quantitative agreement with prediction. Figs. 2 and 3 present the findings for 
helium and neon respectively. The fulfillment of the prediction vindicates the 
correctness of the assumption which the experiment was designed to test. 
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Fic. 3. Composition of secreted swim-bladder gas of fish breathing a mixture of 
neon and air. The points represent individual fish; the solid line, the composition 
predicted from Equation 6 for small bubbles formed in water equilibrated with 1.8 
per cent neon, 98.2 per cent air, when the internal pressure of the bubble is 1 atmos 
phere. 


Possible Role of Carbon Dioxide 


Jacobs (1930, 1932) and Meesters and Nagel (1934) believe that carbon 
dioxide plays an essential role in gas secretion. They have found the newly 
secreted swim-bladder gas of European strains of perch (Perca fluviatilis) to 
contain proportions of carbon dioxide as high as 24 per cent, and have presented 
indirect evidence that transitory proportions as high as 85 per cent might occur. 
It is appropriate therefore to examine the possibility that intracellular bubbles 
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are formed by the secretion of carbon dioxide and that both inert gases and 
oxygen then enter these bubbles. Since oxygen is twice as soluble in water as 
nitrogen it can be seen from Equation 6 that the upper limiting value of the 
ratio oxygen to nitrogen for bubbles of carbon dioxide (or any gas or a void) 
formed in air-saturated water is about 1 to 2. If the carbon dioxide were subse- 
quently removed the residual gas would contain 33.3 per cent oxygen and 66.7 


0.8 
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Fic. 4. Relation between the composition of small bubbles and the relative size of 
the bubble and its surrounding “shell.’”’ Calculated from Equation 7, for small bub- 
bles formed in air-equilibrated water, taking the internal pressure of the bubble as 1 
atmosphere. 
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per cent nitrogen. Wyman e/ al. (1952) have made this calculation and found 
in fact that the gas entering a cavity in air-saturated water consists of up to 35 
per cent oxygen. Since swim-bladder gases frequently contain up to 90 per cent 
oxygen the formation of carbon dioxide bubbles is ruled out as a mechanism 
for the secretion of oxygen and inert gas. 


The Size of the Postulated Bubble 


Gas bubbles have never been observed in the living secreting gas gland and 
there is therefore no direct knowledge of their size. However, an estimate of 
the relative size of the gas bubble and its surrounding water shell is accessible 
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from the consideration of the partition of inert gases between the bubble and 
the water shell. Rearranging Equation 4, we may express the partial pressure 
of an inert gas in the bubble as a function of the volume ratio V,/V;: 


™ bo y 
- V " K ne (7) 
Vi RT X 55.5 XK 760 


Fig. 4 presents graphically the partial pressure of nitrogen calculated to obtain 
in bubbles of varying ratio V,/V:, formed in air-equilibrated water at atmos- 
pheric pressure. The range of partial pressures of nitrogen encountered in 
secreted swim-bladder gas, 0.8 to 0.1 atmosphere, corresponds to values of 
the ratio V,/V; of from 1/1000 to 1/10. In the majority of species of fish the 
range of nitrogen partial pressures is only from about 0.5 to 0.1 atmosphere, 
corresponding to values of the volume ratio of 1/100 to 1/10. If, for the purpose 
of argument, we take the water shell to be 30 micra thick (Wyman et al., 1952), 
the bubble diameters become 7 micra, 16 micra, and 52 micra corresponding to 
volume ratios of 1/1000, 1/100, 1/10 respectively. This calculation is of value 
only as indicating an order of magnitude. The thickness of the water shell 
around small bubbles is unknown. 








Occurrence of Intracellular Bubbles 


It is pertinent to inquire whether gas-filled spaces or bubbles have been 
observed in the gas gland. Unfortunately technical difficulties have prevented 
the examination of the living, secreting gas gland. Woodland (1911) found 
structures which he interpreted as intracellular gas bubbles in sections prepared 
from gas glands which were actively secreting at the time of fixation. Earlier 
histological studies in which intracellular gas bubbles in the gas gland are 
claimed are reviewed by Woodland (1911). 

Bubbles are not easily formed within most living cells. Harvey and his co- 
workers were not able to produce intracellular bubbles in a variety of living 
tissues (1946) and unicellular organisms (1944) highly supersaturated with 
gases. Nevertheless unquestionable gas bubbles may be observed within the 
cells of the protozoan Arcella (Engelmann, 1869; Bles, 1929). The formation 
and expansion of the bubbles required 2 to 4 minutes, and the cycle of stimula- 
tion, bubble formation, expansion, and resorption is complete in about 15 
minutes. Myers (1943) has described a pelagic foraminifer which once in its 
life cycle forms a very large (50 to 90 microns diameter) intracellular bubble. 
This bubble grows to its full size in about 2 hours. 

Several authors (Fiinge, 1953; presents photographs and reviews earlier 
work) have described intercellular gas ducts or secretory canals in the gas 
gland. Such ducts could function in the same manner as bubbles in the secre- 
tion of inert gas. 
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Experiments with Scup 


Gas secretion in the scup is characterized by its rapidity and by the high 
carbon dioxide tensions achieved. Individual scup frequently completely re- 
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Fic. 5. Composition of the secreted swim-bladder gas in scup. The points represent 
individual fish. The solid line as in Fig. 1. 





place the gases of the emptied swim-bladder in 6 hours, although the majority 
require 10 to 12 hours. In contrast the rapidly secreting eel requires 12 to 24 
hours, toadfish, 24 hours, sea robins, 48 hours, tautog (Tautoga onitis, Linnaeus) 
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about 24 hours, and Fundulus heteroclitus (Linnaeus) (Copeland, 1952) about 
48 hours. 

The carbon dioxide tensions of the newly secreted gas of the scup range up 
to 25 per cent, although the majority of samples contain 10 to 12 per cent. This 
contrasts sharply with the gas secreted by other fish studied which have low 
variable carbon dioxide tensions averaging between 0 and 5 per cent and only 
very occasionally rising to 7 to 9 per cent. 

The relationship found between the argon to nitrogen ratio and the oxygen 
tension for the newly secreted gases of the scup swim-bladder (Fig. 5) also 
differs from that of the other fish examined. The curve is apparently displaced 
to the right, and the argon to nitrogen ratio is low. No full explanation can be 
given, but quite possibly the high carbon dioxide tension serves through the 
Bohr effect to displace oxygen from the blood and oxygen from this source 
makes a larger than usual contribution to the total secreted oxygen. 


Relation of Oxygen and Nitrogen Secretion in Goldfish 


The swim-bladder of the cyprinids is normally filled with nitrogen. The 
purity of this gas is such (97 per cent or better), that for a number of years no 
nitrogen of comparable purity could be prepared, and Priestley (quoted in de 
Fourcroy, 1789) used the swim-bladder gases of carp purchased in the market 
for his chemical experiments. Nevertheless if one empties the swim-bladder of 
tench (Tinca tinca) (Moreau, 1877), of roach, or of goldfish (Evans and Damant, 
1928), the swim-bladder is refilled with a secreted gas mixture consisting of up 
to 60 per cent of oxygen. After the bladder has filled and become turgid (about 4 
to 5 days in the goldfish) the oxygen is resorbed during a period of about 3 
days, leaving the bladder turgid and filled with nearly pure nitrogen. The 
nitrogen has evidently entered the bladder by the same mechanism, bubble 
formation, as in the marine fish, since the compositions of the secreted gas fall 
on the theoretical curve presented in Fig. 1. We may conclude that in the gold- 
fish at least the secretion of pure nitrogen is accomplished by the secretion oi 
oxygen together with the accompanying nitrogen, followed by the resorption 
of oxygen. 

It should be remarked that the preferential removal of oxygen from the 
swim-bladder gases is not peculiar to the goldfish but is encountered in most 
fish which have been studied (e.g. Fundulus heteroclitus (Copeland, 1952): 
eels (Wittenberg, unpublished results)). 


The Resorption of Gases from the Swim-bladder 


The gases normally present in the swim-bladder, which as stated before must 
be the resultant of secretion and removal of gas, contain argon and nitrogen in a 
proportion similar to air. This has been found true both for deep sea fish 
(Schloesing and Richard, 1896; Scholander, 1954), for fresh water coregonids 
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(Scholander, van Dam, and Enns, 1956; Tait, 1956), and for trout (this study). 
We find this also to be true for goldfish. The argon to nitrogen ratio in the gas 
initially present in the swim-bladders of six individuals was 1.13, 1.13, 1.06, 
1.11, 1.04, and 1.11 X 10~*, comparable to the ratio in air 1.18 X 10~*. Yet the 
freshly secreted gas contains argon and nitrogen in a ratio far larger than in 
air. Evidently, during the process of gas resorption, argon is lost from the 
bladder relatively more rapidly than nitrogen. This might be brought about 
by some specific process capable of reducing the ratio, argon to nitrogen, to a 


TABLE I 
Composition of the Swim-bladder Gas of Goldfish after Partial Absorption of Oxygen 
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Explanation in text. 


value less than that of air. Alternatively, the relative decrease in argon might 
reflect the partial equilibration of the swim-bladder gases with the circulating 
blood. In the latter case the ratio, argon to nitrogen, in the swim-bladder gases 
should approach but not become less than the ratio in air. 

The following strategem was employed to study the process of gas removal 
in the goldfish. The swim-bladders of several fish were drained with a syringe 
fitted with a fine needle. The fish immediately refilled their bladders by gulping 
air and within an hour were once again swimming freely. Left undisturbed such 
fish will reduce the oxygen in the bladder gases to less than 5 per cent in 2 to 5 
days. After 48 hours, when the process of oxygen removal was well established, 
the swim-bladder was once again emptied with a syringe, and the fish were 
allowed to refill their swim-bladders for a second time with swallowed air. 
Individuals were selected which had reduced the oxygen to less than 7 per cent 
during the first 48 hour period. Twenty-six to 50 hours later the bladder gases 
were removed from these selected individuals and analyzed. Oxygen removal 
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during the second period of absorption was roughly twice as rapid as during the 
the initial 48 hour period in many individuals. 

The argon to nitrogen ratio of the swim-bladder gas remaining after the 
absorption of oxygen from the introduced air (Table I) is the same as air. 




















TABLE II 
Composition of the Swim-bladder Gas in Trout 
Gas initially present | Secreted gas 
oe -_ | ht”DUCTCUre 
| Me | . me | “_ 
per cent | per cent _ 
Brown trout 1.23 | 
1.28 99 1.08 
1.26 | | 
| | 1.30 
1.14 
1.12 
1.19 
| 99 1.07 
95 1.10 
| 96 1.08 
95 1.12 
| | 99 1.10 
| 98 
| 95 | 
| 
Rainbow trout 98 | 
99 99 
=a = 
97 99 
| 98 
100 | 96 
95 99 
99 99 
98 99 





Since, within the limited range of the experiment, this mass ratio never became 
significantly less than air, during resorption the inert gases of the swim-bladder 
must equilibrate at least partially with the dissolved gases of circulating blood. 

This finding is in accord with the structure of the resorptive epithelium, oval 
window or posterior chamber, which contains a capillary network supplied 
with arterial blood, and provides an opportunity for gas exchange between the 
swim-bladder and the blood. In addition, since the arterial blood is not fully 
saturated with oxygen, oxygen should be removed more rapidly than inert gases. 
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Gas Secretion in Trout 


The secretion of pure nitrogen against a large hydrostatic pressure was 
classically described in the whitefish, and should preferably be studied experi- 
mentally in the same animal. However, because living whitefish are not easily 
available we chose to examine the phenomenon in the not too distantly related 
trout. Despite reports to the contrary (Jacobs, 1934) the secretion of gas into 
the trout swim-bladder is easily demonstrated, particularly in small fish. The 
secreted gas of nineteen fish which had replaced 60 to 100 per cent of the original 
volume of the emptied swim-bladder consisted of 95 to 99 per cent of nitrogen 
(Table II). The composition found for the secreted gases is given in Table II, 
and in each case the argon to nitrogen ratio approximates the ratio found in air. 
The result gives no information about the intermediate stages in the secretory 
process. Conceivably a transitory secretion of oxygen occurs but is not demon- 
strable because oxygen removal is too rapid relative to the rate of secretion. 


DISCUSSION 


Oxygen is the major component of the gas mixture secreted into the swim- 
bladder. The mixture of inert gases comprising the balance of the secretion is 
richer in the more soluble components, e.g. argon, and poorer in the less soluble 
components, e.g. helium and neon, than the gas breathed by the fish. These 
changes in the proportions of inert gases are large, and any theory of the 


mechanism of inert gas secretion must explain these differences. Since the 
noble gases, argon, helium, and neon accompany nitrogen, the secretory process 
must involve a physical rather than chemical mechanism. 

The direction of the change in proportions of the inert gases as they pass from 
air into the swim-bladder firmly establishes the solubility of the gases in water 
as the physical property pertinent to the explanation of the secretory mecha- 
nism. 

The composition of the inert gases in the secreted gas approaches the compo- 
sition of the gas dissolved in the water, which, of course, is different from air 
because different gases have different solubilities. It appears that the secretion 
of inert gas is accomplished by the complete exhaustion of the gases from a 
volume of water, much as though the water had been boiled and the evolved 
gas passed into the swim-bladder. 

The compositions of the secreted gas presented in Fig. 1 reveal a clear rela- 
tion between the proportion of oxygen and the enhancement of the proportion 
of the very soluble argon (the ratio 100 A/N,). This relation implies that the 
physical mechanism underlying inert gas secretion must simultaneously involve 
the secretion of oxygen. This third criterion which must be fulfilled by the 
description of the secretory mechanism incidentally rules out the obvious 
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possibility that inert gases might merely diffuse directly from the blood into the 
bladder. 

Blood is supplied to the gas gland through a vascular counter-current ex. 
changer, the rete mirabile, which is massively developed in all fish capable of 
rapid gas secretion.® The function of this structure is unknown, and remains a 
challenge to anyone proposing a theory of gas secretion. Koch (1934) suggested 
that inert gases might be expelled from the blood circulating in this structure 
if the gas solubilities were somehow depressed through the action of the gas 
gland, and Scholander (1954) has examined this possibility quantitatively. 
However, Koch’s very interesting proposal does not explain the relation found 
between the proportions of oxygen and inert gases in the secreted mixture. 

A bubble, for example a bubble of oxygen suspended in air-saturated water, 
will be invaded by the inward diffusion of nitrogen and other gases, and will 
in turn deplete the surrounding solution of its dissolved gases. Wyman, Scho- 
lander, Edwards, and Irving (1952) have treated this situation both theoreti- 
cally and experimentally, and have demonstrated that the bubble has the 
interesting property of becoming enriched in the more soluble of the gases 
dissolved in the water. This property of bubbles suggested that the secreted 
oxygen might be evolved in the form of small bubbles, which drained inert 
gases from the surrounding solution. The small size postulated for bubbles 
formed in the gas gland allows a simplified algebraic treatment of the partition 
of gases between the bubble and liquid. The family of gas compositions calcu- 
lated for transitory, small bubbles formed of oxygen in air-saturated water is 
presented as the solid line in Fig. 1. The relation between the oxygen (and 
nitrogen) tension and the proportions of inert gas predicted from the properties 
of bubbles is in reasonable agreement with the relation found in the secreted 
gas of several species of fish. This agreement, over a wide range of oxygen 
tensions, indicates that the postulated evolution of bubbles probably cor- 
responds to the actual physical situation in the secreting gas gland. 

Each bubble of oxygen entering the swim-bladder will bring with in its 
freight of inert gases entirely unaffected by the tensions of inert gas already 
present in the swim-bladder. In addition, the amount of inert gas contained in 
each bubble will not change with increasing pressure.® Since oxygen is removed 
from the swim-bladder much more rapidly than inert gases, the continued in- 
flow of bubbles should with time build up the high pressures of nitrogen and 
argon found in the swim-bladders of many fish. 


5 The marine fish studied have conspicuously developed retia mirabilia. Although 
there is no macroscopic rete in the goldfish, diffusely arranged blood vessels may 
represent a rete. No rete has been described in trout (Jones and Marshall, 1953). 

6 The proportion of inert gas, of course, must decrease as a greater proportion of 
the total pressure is supported by the secreted oxygen. This may hold the clue to 
the increase of the proportion of oxygen with depth found by Biot (1807) in the 
swim-bladder of several species. 
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ABSTRACT 


A propagated potential produced in the Pacinian corpuscle in response to mechani- 
cal stimuli leaves a refractory state of 7 to 10 msec. duration. The refractory state 
is presumably produced at the first intracorpuscular node of Ranvier. The recovery 
of receptor excitability for producing an all-or-none response to mechanical stimula- 
tion follows the same time course as that of the electrically excited axon. Upon pro- 
gressive reduction of stimulus interval (mechanical), the propagated potential falls 
progressively to 75 per cent of its resting magnitude and becomes finally blocked 
within the corpuscle. A non-propagated all-or-none potential, presumably corre- 
sponding to activity of the first node, is then detected. The critical firing level for 
all-or-none potentials increases progressively during the relative refractory period of 
the all-or-none potential, as the stimulus interval is shortened. Thus generator po- 
tentials up to 85 per cent of a propagated potential can be produced in absence of 
all-or-none activity. Generator potentials show: gradual over-all increase in ampli- 
tude and rate of rise as a function of stimulus strength; constant latency; and spon- 
taneous fluctuations in amplitude. A generator potential leaves a refractory state 
(presumably at the non-myelinated ending) so that the amplitude of a second genera- 
tor response which falls on its refractory trail is directly related to the time elapsed 
after the first generator response and inversely to its amplitude. The generator po- 
tential develops independently of any refractory state left by a preceding all-or-none 
potential. 


INTRODUCTION 


Deformation of mechano-receptive sense organs gives rise to non-propagated 
generator potentials which in turn eventually set up propagated impulses. 
Absence of propagated potentials would seem a desirable condition for study- 
ing the properties of the generator potential. Generator potentials can be 
studied in isolation by applying subthreshold stimuli to the sense organ. This 
may be a satisfactory procedure when the receptor cell is big enough to allow 
the use of intracellular leads. In this case relatively large transmembrane po- 
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tentials can be recorded. However, in smaller cells in which generator poten- 
tials are led off with extracellular electrodes there is considerable loss of the 
voltage generated across the receptor membrane. In the case of a capsulated 
sense organ, such as the Pacinian corpuscle, the loss is particularly great. Thus, 
generator potentials obtained by subthreshold stimulation of the receptor are 
generally too small for adequate analysis. Relatively large generator poten- 
tials have been obtained in receptors by abolishing the propagated potential 
with procaine, or lowering of extracellular Na concentration (Katz, 1950; 
Gray and Sato, 1953; Eyzaguirre and Kuffler, 1955). For experiments described 
in the present and subsequent paper, it was desirable to record generator po- 
tentials in Pacinian corpuscles without resorting to the aid of drugs or environ- 
mental ionic changes. Taking advantage of the differences in refractoriness of 
the generator and propagated events, in the present work, generator potentials 
unaccompanied by propagated potentials were obtained during the refractory 
period of the propagated impulse. The minimal height of generator potential 
for setting up a propagated impulse in the corpuscle was found to increase dur- 
ing the refractory period of the latter. Generator potentials of amplitudes up to 
85 per cent of the propagated potential could thus be produced during the 
refractory state of the propagated response. With so convenient an object for 
analysis, the properties of the processes of impulse generation during refrac- 
toriness were studied. 


Preliminary accounts of the experiments have been published (Loewenstein 
and Altamirano-Orrego, 1957, 1958). 


Methods 


Pieces of the cat’s mesentery, containing preferently one single Pacinian corpuscle 
and its nerve, were excised and pinned to a glass plate for dissection under epi- or 
transillumination. The upper serosa was slit open to free the upper side of the cor- 
puscle, leaving enough connective tissue to maintain the corpuscle attached to the 
lower serosa. A stretch of nerve was dissected and freed up to its point of emergence 
of the corpuscle. The preparation was then set up on a black lucite plate (P) and 
mounted in a bath made of two lucite blocks (B,; and B:) (Fig. 1). The fringes of the 
patch of mesentery were stretched by, and pressed between the blocks screwed rigidly 
together. The corpuscle became thus immobilized. The bath contained a phase of 
mineral oil and another one of oxygenated Krebs’ solution (Krebs and Henseleit, 
1932) of following composition: NaCl, 115 mm; KCl, 4.60 mm; CaCl, 2.46 mm; 
MgSO,, 1.15 mm; NaHCOs, 24.1 mm; KH:PO,, 1.15 mm; glucose, 10 mm. In earlier 
experiments a Ringer’s solution was employed, but it soon became apparent that the 
corpuscle behaved more stably and could be kept alive longer in a Krebs’ solution 
containing O, and glucose. In this way, one could work without difficulties over 8 
or more hours with an isolated corpuscle. The Krebs’ solution was equilibrated with 
a mixture of O, (95 per cent) and CO, (5 per cent) bubbling through the solution 
in channel 7; at low pressure. The latter provided also the energy for circulating the 
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fluid through the bath. The passage of the gas mixture through 7; siphoned fluid 


from T, and lifted it up to the chimney A where it would fall to the main compart- 

t (K) through pipe T,. Bursting of gas bubbles ensued in the chimney (A) which 
provided an effective baffle against disturbances which otherwise would reach the 
corpuscle’s chamber (K). The Krebs’ fluid was maintained at constant level as it 
circulated below the essentially stationary oil in K; it thus served as a stable “ground” 


electrode. The solution was completely replaced at frequent intervals during each 
experiment by means of a syringe adapted to the chimney. 

Mechanical stimulation of the corpuscle was provided by deflections of an elec- 
trically driven piezoelectric crystal. The principle of the method is similar to the 
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Fic. 1. Diagram of set up. C, corpuscle; S, glass stylus of piezoelectric crystal (F). 
B,, Bs, bipartite lucite bath with oxygenated Krebs’ solution circulating through 
pipes T;, T: below the stagnant mineral oil of main compartment K. 

















one introduced by Gray and Malcolm (1950). Two rectangular pieces (F), each 6 
mm. wide, 20 mm. long, were cut out of a Rochelle salt crystal. They were pressed 
firmly between two pairs of parallel hard rubber strips (H), as shown in Fig. 1, in- 
side a bakelite box. The electric axis was so oriented that a voltage applied across 
the crystals produced torsion of their free fringe. This movement was transmitted 
to the corpuscle (C) by means of a hard glass stylus (.S). The deflections were followed 
photoelectrically. At rest, the stylus was positioned in a light beam thrown onto a 
photocell; one edge of its roughly rectangular shadow, thrown onto the photocell, 
coincided with the edge of a sharply rectangular illuminated surface on the photo- 
cell. The displacement of the stylus could thus be determined directly as a function 
of potential difference of the photocell. Absolute calibration of the system in linear 
units was accomplished by direct measurement of stylus displacements with a Leitz 
flar micrometer under high magnification. Over an ample range of voltage, deflec- 
tions were a linear function of voltage. Displacements of 0 to 45 uw were available for 
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finely graded stimulation of the sense organ by application of 0 to 50 volts acr: 
crystal. Unless stated otherwise, the crystal was driven by electrical square pu 
0.2 msec. duration. When the stylus was in air, a single pulse would cause the s 
to oscillate for as long as 14 msec. However, with the stylus in its normal pos 
namely in oil and in contact with the corpuscle, the system became effectively damp 
so that a single electrical pulse of 0.2 msec. caused, after a latency of 0.2 ms . 
single displacement of a total duration of 1 msec. (Fig. 2). Frequencies up t 
1000/sec. were followed with fidelity by the stimulator device. Frequencies from 1000 
to 3500/sec. were still followed but “relaxation” was no longer complete. 

The afferent activity of the receptor was lead off between a platinum electroc 
(E,, Fig. 1) and the Krebs-oil interface which served as movable ground electroc 


Fic. 2. Samples of photoelectric records of displacements of the stimulating stylus 
Rectangular electric pulses (£) of 0.2 msec. duration are applied to the piezoelectric 
crystal at intervals of a, 2 msec. and 6, 1 msec. The resulting deflections of the stylus 
are followed photoelectrically (P). The “artefact,” intentionally increased in record 


a, has been reduced in b. Ca'ibration, 1000 cycles per sec. 


For recording of generator and propagated potentials of the corpuscle, the interface 
was made to coincide with the nerve’s emergence from the corpuscle. When records 
of the propagated events of the axon were desired, the interface was raised to contact 
a more central portion of the nerve; the peripheral part of the nerve thus submerged 
in the Krebs’ fluid acted as a shunt. The electric activity was fed through a condenser- 
coupled amplifier of either 100 or 700 msec. time constant into a double beam oscil- 
loscope. 

The experiments were done at room temperature, ranging between 19 and 26°C, 

RESULTS 
Refractoriness of the All-or-Nothing Potential 
When two mechanical stimuli of threshold strength are successively delivered 


to the corpuscle, at an interval longer than 10 msec., each stimulus causes the 


receptor to respond with a potential which propagates centripetally along its 


axon. The first propagated response leaves a refractory state behind, so that 
the threshold for setting up a second propagated potential is raised (Gray 
and Malcolm, 1950; Alvarez-Buylla and de Arellano, 1953) when the interval 
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between stimuli is shortened from 7 to 10 to 1.8 to 3 msec. (relative refrac- 
riod) (Fig. 3). With further reduction of interval beyond 1.8 to 3 msec., 
ond propagated potential can no longer be produced at any strength 
lute refractory period). In the wake of the relative refractory period, be- 
the threshold value of the undisturbed corpuscle is reached, there is, in 
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Fic. 3. Recovery of excitability of the receptor and of its axon for setting up a 
propagated impulse after a preceding propagated impulse. A suprathreshold condi- 
oning stimulus is followed at varying delay by a test stimulus. The minimal strength 
f test stimulus is expressed in multiples of the normal threshold at rest. A and @, 
mechanical stimulation of the corpuscle. ©, electrical stimulation of the axon. 


most cases, a phase of increased excitability (facilitatory period). The facilita- 
tory period is only found following a propagated potential, and never after a 
subthreshold stimulus. In a few experiments, excitability curves obtained by 
mechanical stimulation of the corpuscle during refractoriness, were compared 
with those gained by electrical stimulation with two successive shocks applied 
at varying intervals to the axon at some distance from the corpuscle. The re- 
sulting excitability curves were practically equal (Fig. 3). It would appear, 
therefore, that the changes in excitability of the propagated event, occurring 
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during the relative refractory period, are determined by general proper 
the axon rather than by special qualities of the receptor ending. We ar 
certain whether this also holds true for the facilitatory period. 


CS Ol 


Or 
During the relative refractory period left behind by an all-or-nothing 


tential, the amplitude of a second all-or-nothing potential declines, as 
stimulus interval is made shorter. Fig. 4 illustrates for a typical example the 


reduction of the all-or-nothing potential in response to the second of a pair of 


mechanical stimuli. The active recording lead was placed near the point where 


the axon emerges out of the corpuscle; the central portion of the axon was 


Fic. 4. Changes in amplitude of the all-or-none potential during the relative r 
fractory period. Two mechanical stimuli ($;, S2) are applied in succession to the 
corpuscle. Stimulus interval decreases from a to /. S;, suprathreshold; Se, just thresh 


)- 
I 


old for each delay. S2 falls during f, absolute refractory period; 6 to f/f, relative re 
fractory period and a, end of relative refractory period. Time, 10 msec. 


crushed. Under these conditions the all-or-nothing activity corresponds to the 
first or second intracorpuscular node of Ranvier. One or two nodes do regularly 
occur within mesenteric corpuscles (Quilliam and Sato, 1955). The second 
potential (P2) is then found to decrease progressively to 55 to 40 per cent of 
its original resting magnitude, as the interval between the two responses is 
reduced towards the absolute refractory period, and then falls abruptly to 
naught. Notwithstanding its reduction in size during the relative refractory 
period, P. behaves in an all-or-nothing manner with respect to a range of 
mechanical stimuli at any given interval (Fig. 5). An action potential reduced 
to 55 to 40 per cent of its resting value is very likely below the threshold for 
saltatory transmission during the early stages of the relative refractory period 
It would seem, therefore, that, as the interval approaches the refractory period, 
the all-or-nothing activity recorded under the stated conditions, corresponds to 
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first intracorpuscular node of Ranvier (see subsequent paper). Again, the 
diminution in amplitude of the all-or-none potential appears to be a general 

racteristic of the refractory axon rather than a particularity of the re- 
ceptor: the decrement of P2 follows practically the same course whether ob- 
ained by mechanical stimulation of the corpuscle or by electrical stimulation 
of distant portions of its axon, as recorded in the latter instance with leads 
placed at ca. 3 mm. from stimulating cathode (Fig. 6). The reduction of P2 is 
comparable in magnitude and course to that of the action current of a re- 
fractory node of Ranvier of frog nerves (Tasaki, 1953). In a few experiments 





Fic. 5. All-or-none behaviour of the unrecovered explosive propagated potential. 
[wo successive mechanical stimuli (S;, S:), are applied at constant interval. 5, of 
constant suprathreshold strength. S2 increases from subthreshold (a) to 3.2 times 
threshold value (d). b, S: at threshold. Note that in spite of diminished responsive- 
ness during relative refractory period, the second propagated potential is all-or- 
none with respect to stimulus strength at a given stimulus interval. Height of dots 
above lower beam indicates relative values of stimuli. Time: 10 msec. 


the corpuscle was stimulated mechanically and the recording electrodes were 
placed on the axon at a distance of more than 15 mm. from the corpuscle. 
Quilliam and Sato (1955) give 285 mw as average internodal distance for the 
afferent nerve fibre of mesenteric Pacinian corpuscles. Consequently the im- 
pulse must have travelled over more than 50 nodes. Even under these circum- 
stances the propagated potential was found to decrement to 75 per cent of its 
normal resting value during the relative refractory period, before it abruptly 
vanished when the absolute refractory period was reached. The reduction of the 
propagated action potential during refractoriness in crustacean (Hodgkin, 
1939) and mammalian nerve fibres (Gasser and Grundfest, 1936) is of the same 
order of magnitude. 

lhe interval between propagated potentials was used for measurements of 
time in the present paragraphs. In view of the variations in latency of the 
propagated event in response to threshold stimuli, it seemed a more satis- 
factory parameter than the interval between stimuli (c.f. Rosenblueth, Alanis, 
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and Mandoki, 1949). The time values in the subsequent paragraphs are, | 

ever, conveniently expressed by the stimulus interval. The latter is always 

identical with the interval between the corresponding generator responses. 
Refractoriness of the Generator Potential 


When a mechanical stimulus is applied during the relative refractory period 
left behind by a preceding propagated response, it may fail to produce a 


P,/P,x 100 
100 4 Pe 








T T T T T = J 


3 5 6 7 8 9 10 
INTERVAL (i) BETWEEN POTENTIALS MSEC. 

Fic. 6. Recovery of all-or-nothing responsiveness of the receptor and of its axon 
Two suprathreshold stimuli are successively applied causing all-or-nothing responses 
P, and P». Relative height of P.2 is plotted against interval between potentials. @, 
values from mechanical stimulation of corpuscle; A, from electrical stimulation of 
its axon. 


propagated potential and succeed only in setting up a local event. By appro- 
priate choice of stimulus strength and by shortening progressively the stimu- 
lus interval, a notch appears when the potential is recorded at the point of 
axon emergence from the corpuscle (Fig. 7). This notch becomes deeper as the 
stimulus interval becomes reduced, separating clearly two constituents of the po- 
tential. The one which appears last (P) is present whenever a propagated 
potential can be detected on the axon far away from the corpuscle (Fig. 7 4, 
a’) and vanishes when the propagated potential can no longer be detected with 
distant leads (6, 6’). P may, therefore, be regarded as the intracorpuscular 
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counterpart of the all-or-nothing potential which propagates along the ay 
with all its properties described in the preceding section. With further reduc- 
tion of stimulus interval, P finally dies away. Then, a non-propagated pot: 


tial (L) is left as the only response to mechanical stimulation (c, c’). This local 
potential reveals a non-propagated all-or-none- and a graded component. When 
low stimulus intensities are employed, L is mainly composed of the all-or-none 


Fic. 8. Effect of stimulus strength and interval on generator potential. Of a pair 
of successive mechanical stimuli, the first is held at constant suprathreshold strength 
producing a propagated impulse (?). The second (S»), falling within the refractory 
period of P produces a generator potential (G). Two or more successive oscilloscopt 
sweeps have been superimposed. S». increases from a to 6. Series a, 6, c, obtained 
with stimulus delay of 2 msec. Series a’, 6’, c’, obtained with same stimulus strengths 
as respectively a, 6, c, but delay reduced to 1.5 msec. Calibration: horizontal, 1.5 
msec.; vertical, 50 nV. 


component. Its all-or-nothing behaviour can then be shown over a certain 
range of stimulus strength. It presumably corresponds to activity of the first 
intracorpuscular node of Ranvier which becomes blocked at the second still 
potential will be referred to in this and subsequent papers as the abortive T 
spike. Further reduction in stimulus interval finally abolishes the all-or-none 
component, and leaves the graded constituent (G) alone (Fig. 7 d’). The three 
constituents which are revealed by critical block happening during refractor! 
ness may be compared with the phases recently described by Diamond, Gray, 
and Sato (1956) by anodal polarization of the corpuscle. Without prejudging 


refractory node (see subsequent paper). The non-propagated all-or-nothing 
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nature of events, attention should be called also to the striking similarity 
between the behaviour of the refractory Pacinian corpuscle and that of refrac- 
end-plates (Kuffler, 1942) and motoneurons (Frank and Fourtes, 1955; 
Coombs, Eccles, and Fatt, 1955 6; Frank, K., personal communication). 
lo analyse the properties of component G, we studied it in isolation by ren- 
dering the axon refractory to all-or-none activity by a preceding propagated 
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Fic. 9. Generator potential as a function of stimulus strength. The generator 
potential is produced during refractoriness for the propagated potential by the second 


of a pair of mechanical stimuli as in preceding figure. Its amplitude obtained at three 
different stimulus intervals is plotted against stimulus strength. 


impulse. Within certain limits of stimulus strength, the graded component is 
approximately a linear function of stimulus intensity (Figs. 8 and 9). At high 
ranges of strength, the potential usually attains a ceiling, even if the stimulus 
magnitude continues to be augmented. However, since we have no method to 
estimate quantitatively the actual stimulus which deforms the receptor ending, 
and rely instead on measurement of linear deformation of the corpuscle’s 
capsule, we are unable to decide whether the flattening of the potential curve 
is a neural effect or due to physical properties of the corpuscle. Besides the in- 
crease in size, there is an increased rate of rise of the potential when the stimu- 
ius strength is augmented within certain limits. Unlike the propagated poten- 
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tial, which presents fluctuations and an over-all shortening in latency when 


the stimulus is increased near threshold, the latency of the graded component 
is unaffected by changes in stimulus strength. In line with the terminology 
introduced for photoreceptors by Granit (1947), and now extensively in use 
for other electrogenic structures, the component will be referred to as gener- 
ator potential. It would appear that, in general, the term generator potential 
is well defined by the above qualities, namely gradation of size and rate of rise 
as a function of stimulus strength, and constancy of latent period. For these 
and some of the other properties described below, the generator potential here 
studied, is presumably equivalent to the local response in corpuscles produced 
by subthreshold stimulation (Alvarez-Buylla and de Arellano, 1953; Gray and 
Sato, 1953), and to the receptor potential obtained by abolishing the propagated 
potential with procaine or low Na concentrations of the extracellular fluid 
(Gray and Sato, 1953). 

Time Factor of Refractoriness.—Although of a different time course and, be- 
cause of its graded character, of different nature than the refractoriness of the 
propagated event, the generator potential also leaves a refractory condition. 
The degree of refractoriness is determined by two factors, namely, the time 
elapsed after the occurrence of the generator event and the amplitude of the 
same. The former can be shown by letting a generator potential follow after a 
propagated response at varying intervals. Progressive reduction in stimulus 
interval causes a progressive decrease in amplitude of the generator potential 
(Figs. 8 and 9). Conversely, in order to produce a generator potential of a given 
amplitude, the stimulus strength has to be increased as the interval becomes 
shorter. A similar effect has been shown in the anesthetized corpuscle (Gray 
and Sato, 1953). For the purpose of showing more directly that the time factor 
of refractoriness depends on the generator event and not on the propagated 
potential, experiments were done in which the generator potential under 
study was made to follow another generator potential. Except for a few excep- 
tional cases, the maximal amplitude of the generator potential which could be 
detected with external leads in response to subthreshold mechanical stimula- 
tion, is too small for adequate analysis. But, if the generator potential is pro- 
duced by a strong mechanical stimulus, falling early during the refractory 
period left behind by a preceding propagated event, it is found to reach po- 
tentials as high as 85 per cent of the amplitude of a normal propagated poten- 
tial. Thus uncomplicated by the response of all-or-none events, good material 
for analysis is available. By delivering three successive mechanical stimuli of 
suitable strength and sequence to the corpuscle, one can produce patterns, as 
shown in Fig. 10 6, in which two generator potentials (G2, G;) follow a propa- 
gated event (P;). Progressive reduction of interval between the two generator 
responses is then found to be accompanied by a progressive reduction in size of 
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G.. Unlike the behaviour of the refractory all-or-none potential which after a 
progressive decrement to a minimum of 40 per cent of its normal amplitude 
falls abruptly to zero, the generator potential seems to decrease progressively 
ards zero as the interval is progressively shortened. 
‘ize Factor of Refractoriness.—A variation of the foregoing experiment, illus- 
ed in Fig. 10, reveals the size of the generator event, as the other factor of 
refractoriness. Of a constant sequence of three mechanical stimuli, the first 
§,) and third ($3) are held at constant strength, while the second (2) is in- 
creased by steps (Fig. 10 a to d). In a, with the generator potential (G2) in 
response to S2 at its lowest, the third stimulus (.S;) creates a generator response 





S| S2 $3 


Fic. 10. Size of generator potential determined by the magnitude of a preceding 
generator potential. Three successive mechanical stimuli 5), S2, S3, are delivered to 
the corpuscle producing respectively propagated potentials P; and generator poten- 
tials Ge, Gs. Stimulus strengths of S,; and 3 are constant. S» increases from a to d 
producing an increasing G2. Note that with G, at its lowest (a) the third response is 
a propagated potential P;. Thereafter the third response becomes a progressively 
reduced generator potential (b to d). Calibration: 1 msec.; 25 wV. 


(G;) of sufficient height to fire a propagated potential (?;). A small increase in 
G»., determines a reduction in G; which then fails to reach firing level (6). With 
augmentation of Gs, G; becomes still further reduced (Fig. 10 c to d). This con- 
firms Gray and Sato’s (1953) finding in the anesthetized corpuscle. To prevent 
G; from reaching firing level, and, hence, to be able to examine G; in terms of a 
wide range of Gs, the intervals between stimuli had to be reduced. Ge became 
then partially concealed by the first propagated potential, and could no longer 
be measured. G; was plotted therefore against the strength of the second stimu- 
lus (S.), which, as shown before, is in turn a function of G2 (Fig. 11). 

The above experiments show that the magnitude of a generator potential, 
falling on the refractory trail of a preceding one, is inversely related to the 
latter’s size. If the conditioning generator potential is a maximal response, a 
subsequent generator event may no longer be detected with external leads over 
1 to 2 msec. at any stimulus strength. This condition has then the appearance 
of an absolute refractory period like that of the propagated all-or-nothing event. 


[t may be thought that the size and time factors of refractoriness are not 
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Fic. 11. Generator potential as a function of strength of a preceding stimulus dur- 


ing refractoriness. Three mechanical stimuli S,, Se, S3, are applied producing respec- 


tively propagated potential P, and generator potentials Gz and G; (as in Fig. 10). 
Stimulus strength of S; and S; constant. The amplitude of G; is plotted against the 
varying strength of S.. Calibration of inset: 1 msec. 25 pV. 


Fic. 12. Independence of refractoriness between generator and propagated po 
tentials. Pairs of mechanical stimuli are applied to the corpuscle. The first stimulus 
is critically at threshold producing either a, a generator potential (G,) or 6, a propa 
gated potential (P,). The second stimulus follows the first at a constant delay of 6 
msec. Note that the resulting generator response (G2) is of same amplitude whether 
the preceding event is a generator or a several times greater propagated potential 
With a generator potential of equivalent amplitude to P;, G. would have becom: 
erased. Calibration, 1 msec. between dots; 25 pV. 
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of neural origin but determined by mechanical properties of the cor- 

e. If the corpuscle’s capsular enclosure were to behave so that on recoil- 

to rest position it lags with a certain delay behind the off-detlection of the 
ulating stylus, a condition resembling a refractory state could be produced. 
vever, in the following paper (Loewenstein, 1958) experiments will be 
ribed in which sequences of alternating propagated and generator poten- 
iis are produced by stimulating the corpuscle repetitively with equal mechan- 
stimuli at intervals of say !9 relative refractory period. This would be 
probable were only mechanical factors responsible for refractoriness. More- 
ver, the time factor as well as the size factor of the generator potential’s 





Fic. 13. Refractoriness of generator potential unrelated to refractoriness of the 


propagated all-or-none event. Second stimulus S» is applied during the refractory 
period left behind by previous propagated potential P;. S2 is held at constant strength 

each series satisfying critically threshold conditions, thus producing a generator 
potential (G2) or a propagated potential (P2). Note that G; stays unaltered whatever 
the nature of the preceding response may be, although P» is ca. 3 times greater than 
S.. Calibration: 1 msec; 25 pV. 


refractoriness were recently shown in remnants of Pacinian corpuscles in which 
practically all of its capsular structure was disected off (Loewenstein and 
Rathkamp, 1958). If mechanical events were responsible for refractoriness, 
one would expect the time and size factor to decrease as the capsule is pro- 
gressively peeled off and finally to vanish upon complete removal of the cap- 
sule. On the contrary, no significant changes in the time and size factors were 
observed after depriving the receptor of its capsule. We may conclude there- 
fore, that the generator potential’s refractory state is of neural origin. 


Independence of Refractoriness between Generator and Propagated Processes 

Che refractory state which a propagated potential leaves behind has no in- 
fluence on the generator event. For example, a pair of constant mechanical 
stimuli (S,, S:) is delivered to the corpuscle (Fig. 12). S; is just critically of 
threshold strength, so that out of a number of stimulations, some will cause 
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generator potentials (G,) while others will produce propagated potentials (? 
The amplitude of the second generator potential (G2) remains the same, 


whether the preceding event is a generator potential, or a several times greater 


propagated potential. With a generator potential of an amplitude equivalent 
to P;, Gs of the cited example would have become erased. Similar results were 
obtained by triple stimulation. This method has the advantage over the 
former of providing measurable generator potentials in all corpuscles. Further- 
more it allows the testing of generator potential refractoriness over a wider 
range of stimulus strength and interval. In Fig. 13 an example is given. Of three 
constant mechanical stimuli, S» is just critically threshold. Generator response 
G; is practically of the same amplitude whether preceded by a generator event 
G2 or by a several times larger propagated potential P:. With a generator po- 
tential (G2) of an amplitude equivalent to P2, G; would have become erased. 
Normally the generator potentials present small fluctuations. Statistical analy- 
sis of the aforementioned results seemed therefore advisable, in case the 
propagated event exerted a small influence on the succeeding generator po- 
tential. Three series of 40 stimulations, like those of Fig. 13, were examined 
statistically. None showed a significant variation of G;. 

A hump is often seen at the end of an action current recorded near the nerve 
ending (Fig. 14). It may be due to persistence of the generator potential at the 
terminal. This in turn may mean that the generator potential is not erased by 
the all-or-nothing potential as appears to be the case at the curarized motor 
end-plate. It may be interpreted as giving a further indication of independence 
between the sites of origin of generator and propagated events. On the other 
hand, it might merely mean that the mechano-electric transducer effect out- 
lasts the spike, which would be analogous to the prolonged transmitter action 
at an anti-esterase—treated end-plate (Eccles, Katz, and Kuffler, 1942; Fatt 
and Katz, 1951). 


Spontaneous Fluctuations of Generator Potential 

With single stimuli of constant strength, the generator potentials fluctuate 
around an average value. The fluctuations in amplitude were usually less than 
10 per cent. They increased as the absolute refractory period was approached. 
The photoelectric method employed was of high enough a resolution to elim- 
inate individual variations in deflections of the stimulator device as causes of 
the generator fluctuations. It seems likely that the fluctuations are spontane- 
ous phenomena of nervous origin. However, variations of mechanical factors 
within the corpuscle, which may be directly related to the stimulation of the 
receptor terminal, such as intracorpuscular pressure changes, cannot be dis- 
carded as possible causes of the fluctuations in generator potential. 


Firing Height of Generator Potential during Refractoriness 


The minimal amplitude of generator potential (firing height) at which firing 
of propagated potentials occurs is fairly constant. The Pacinian corpuscle 
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thus behaves like other excitable structures such as crustacean axons (Hodg- 
kin, 1939; Hodgkin, Huxley, and Katz, 1952), frog axons (Tasaki, 1956) motor 
end-plates (Fatt and Katz, 1951; Nastuk, 1953), cardiac pacemaker fibres 
(Weidmann, 1951), spinal nerve cells (Coombs, Eccles, and Fatt, 1955 a: 
Araki and Otani, 1955; Frank and Fourtes, 1956), electroplaques (Keynes 
and Martins-Ferreira, 1953; Altamirano, Coates, and Grundfest, 1954) crus- 
tacean stretch receptor nerve cells (Eyzaguirre and Kuffler, 1955). Measure- 
ments of the transmembrane potential at the site of origin of the generator 
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INTERVAL BETWEEN STIMULI MSEC. 

Fic. 15. Firing height as a function of stimulus delay during refractoriness. The 
firing height, namely the minimal generator potential at which a propagated poten- 
tial would start off, is plotted against the interval between two successive mechanical 
stimuli. @ and A, data from two different corpuscles. Fig. 14 gives an example of 
the procedure used. 


events were not done in the present experiments. The generator potentials ob- 
tained under the present conditions may, however, be regarded as good index 
of the absolute changes in membrane potential. The term firing height em- 
ployed here and in subsequent papers describes therefore an index of depolari- 
zation starting from an unknown base of membrane potential. It provides an 
index of the critical level of transmembrane potential at which firing occurs 
only as long as the generator potential starts from a constant base of membrane 
potential. For a given interval between two successive mechanical stimuli, the 
corpuscle’s firing height is fairly constant. By reduction of interval, and super- 
imposing several responses to threshold stimuli on the same oscilloscope sweep, 
the firing height is shown to rise as the stimulus interval is shortened (Figs. 14 
and 15). Near absolute refractoriness the firing height was seen to rise to 85 
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per cent of the amplitude of a normal propagated potential. Thus, when the ab- 
solute refractory period was approached, it was often difficult to distinguish be- 
tween a generator-, abortive T-, or propagated response. The following criteria 
were then employed for classifying the studied response as a generator potential: 
its graded increasein size and rate of rise with increasing stimulus strength; its 
non-propagation, as tested by a pair of leads placed on the axon at some dis- 
tance from the corpuscle; and its gradual reduction in size following a gradual 
increase of the preceding stimulus. 

The increase in firing height, together with the reduction in amplitude of 
the refractory generator potential appear to be the determinants of threshold 
rise during the corpuscle’s relative refractory period. By establishing the rela- 
tion between interval and magnitude of generator potential, on one hand, and 
that between interval and firing level, on the other, it is possible to predict 
threshold at any interval. Likewise, the sense organ’s behaviour under repetitive 
stimulation described in the following paper may be derived herefrom. 

Discussion of the present results will be combined with that of the subse- 


quent paper. 


We take pleasure in thanking Professor B. Katz, University College, London, for 
reading the manuscript. One of us (W. R. L.) is indebted to Dr. R. Alvarez-Buylla 
for demonstrating the technique for isolation of Pacinian corpuscles. We are in- 
debted to Dr. Mario Altamirano for discussion, to Mr. A. Toutin-Olliver for con- 
tinuous technical assistance, and to Mr. G. Prieto for providing the Rochelle salt 
crystals. The work was aided by a grant from The Rockefeller Foundation. 
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GENERATOR PROCESSES OF REPETITIVE ACTIVITY 
IN A PACINIAN CORPUSCLE 
By WERNER R. LOEWENSTEIN* 
(From the Institute of Physiology, University of Chile, Santiago) 
(Received for publication, September 9, 1957) 
ABSTRACT 


Response patterns resulting from repetitive mechanical stimulation of the cor- 
puscle depend on (1) the time course of recovery of the generator potential, on (2) 
the recovery of critical firing height, and on (3) the stimulus strength/generator po- 
tential function. By either augmenting stimulus frequency at constant strength, or 
by reducing strength at constant frequency, a sequence of propagated potentials is 
turned into a pattern of alternating regenerative and generator responses. In such a 
pattern an extra impulse can be set up whenever an extra stimulus produces a genera- 
tor potential of enough amplitude to reach the firing height of the corresponding 
period. The new requirements of firing height introduced by the refractory trail of 
the extra impulse determine resetting of periodicity and appearance of a ‘‘compensa- 
tory pause.” The decay time of the single generator potential is independent of 
stimulus duration. This is interpreted as a factor determining receptor adaptation. 
Upon repetitive stimulation at intervals above !4 decay time of the single generator 
potential, a compound generator potential is built up which shows no spontaneous 
decline. However, in spite of being considerably greater than the firing height for 
single impulses, the constant level of depolarization of the compound generator po- 
tential is unable to produce propagated potentials. A hypothesis is brought forward 
which considers the generator potential to arise from membrane units with fluctuat- 
ing excitability scattered over the non-myelinated nerve ending. 

INTRODUCTION 

In the preceding study factors were analysed which govern refractoriness of 
generator and propagated events in Pacinian corpuscles. Correlations between 
stimulus interval, magnitude and minimal height of generator potential for 
firing of impulses were found which determine the threshold requirements for 
propagated firing at any instant. The present experiments were done to test 
the validity of aforementioned relations in the rhythmically active corpuscle. 

The experimental set-up has been described in the preceding paper. 

RESULTS 
Repetitive Activity by Mechanical Stimulation 

Response Patterns.—By suitable selection of stimulus strength and frequency, 
a train of equal mechanical stimuli may produce a response pattern in which 

* Present address: Department of Physiology, Columbia University, College of 
Physicians and Surgeons, New York. 
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eacl) stimulus sets up a propagated potential (Fig. 1 a). If the frequency is now 
increased, while the stimulation continues at same strength as before, failure of 
propagated responses may occur (6). The former 1:1 relationship between 
propagated potentials and stimuli, as recorded with leads placed on the axon 
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: Fic. 2. Relation between magnitude of generator potential and critical stimulus 
- frequency at which failure of propagated responses occurs. The corpuscle is stimulated 
< with trains of equal mechanical stimuli. Each train has a total duration of 35 msec. 
S Stimulus strength is adjusted so as to cause failure of one propagated response at 


each given frequency. The values of the generator potential (G) of the failing propa- 
gated response (left ordinates, circles) and of the stimulus strength (right ordinates, 
triangles) are plotted against the corresponding frequencies. Time of inset: 10 msec. 
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at some distance from the corpuscle, is turned into a 1:2 relation. With leads 
arranged for the recording of the corpuscle’s local activity, patterns of alternat- 
ing propagated and local potentials are detected. The latter are, at first, mainly 
all-or-none potentials blocked within the corpuscles. They correspond to the 
abortive T spikes described in the foregoing paper. With a further progressive 
increase in frequency, the T potentials are reduced and finally abolished. At 
that stage, another type of sequences, namely of alternating propagated (P) 
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and generator potentials (G) may be observed (Fig. 1, d to e). With a further 
rise in stimulus frequency, the propagated response/stimuli-ratio may shrink to 
1:3, 1:4,..., and finally only one single spike response is left (d to f). 

Besides the two aforementioned patterns, a third type of alternation is ob- 
served in a number of corpuscles. An example is illustrated in Fig. 4 a. Here 
only the first out of a series of successive stimuli produces a propagated response 
(P). Thereupon follows a sequence of generator (G) and non-propagated all-or- 
nothing events. 

The simplest situation for analysis was the type of sequence in which propa- 
gated potentials recurred with generator potentials. This could usually be 
obtained by appropriate setting of stimulus parameters. Occasionally, cor- 
puscles were found which under no circumstances gave aborted T responses. 
The only kind of pattern then seen was that of alternating propagated and 
generator potentials (Fig. 3 a). 

Firing Height/ Frequency Relation.—Production of a 1:1 relation between 
propagated responses and stimuli requires a direct relationship between stimulus 
frequency and stimulus strength. In the experiment of Fig. 2, the period be- 
tween mechanical stimuli was varied between values ranging from 1 to approxi- 
mately !5 relative refractory period. The minimal stimulus strength which 
just critically satisfied requirements for a 1:1 ratio was measured and plotted 
against the corresponding period. 

A similar direct relationship exists between stimulus frequency and amplitude 
of the generator potential. Strength was adjusted so as to be critically at thresh- 
old for each given frequency. In a number of response patterns, a propagated 
potential would drop out (Fig. 2, inset). The amplitude of the corresponding 
generator potential was used as index of the “firing height’ (see preceding 
paper for a definition), and plotted against the corresponding stimulus fre- 
quency (Fig. 2). As was expected, the curves describing the frequency/strength 

and frequency/firing height functions are roughly parallel. 

Extra Impulses during Repetitive Activity.—If an extra impulse is inter- 
calated between a regular sequence of alternating all-or-none and generator 
events, a shift in response pattern may be observed. In the example of Fig. 3, 
an extra stimulus is interpolated in the regular order of stimuli shortly after 
the second stimulus belonging to a series of equal periodic stimuli. The extra 
stimulus is of sufficient strength and close enough to the preceding stimulus to 
cause summation of the corresponding generator responses. The threshold 
condition at that moment may thus be satisfied and a propagated extra poten- 
tial (P.) be produced instead of solely a generator potential of the regular 
pattern. The extra impulse causes then a phase shift of half a cycle in the se- 
quence. Records of propagated potentials led off the axon at some distant region 


’ 


from the corpuscle, show then a “compensatory pause” as an afterpart ol 


the extra impulse (Fig. 3 6’). 
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the hope of obtaining more information on the nature of the abortive T 


i 


patterns of alternating all-or-none (7) and generator events were dis- 


rupted at various delays. In the experiment illustrated in Fig. 4 6, the extra 


LU} 


stimulus is placed so as to sum up with the second stimulus of the regular 
sequence. It has now become strong enough to fire a T event, instead of merely 





Fic. 3. Phase shift due to an extra stimulus in the sequence of propagated (P) and 
generator (G) potentials produced by repetitive stimulation. a, a’, the crystal delivers 
stimuli to the corpuscle at a regular rate of 250/sec. Lower beam signals the electric 
pulses applied to the crystal. b, b’, at arrow mark an extra stimulus is added to the 
regular sequence of stimulation. a and 6, recording earth electrode placed at the 
emergence of axon for recording of local potentials. a’ and b’, the same at some dis- 
tance from corpuscle. Note the “compensatory pause” in ’ following the extra im- 
pulse (P,). In this and the following figures “‘corpuscle negativity” is shown upward. 


a generator potential. The next generator potential in response to the third 
regular stimulus becomes greatly reduced and the following response is con- 
verted into a fully propagated potential (P). The original pattern is thereafter 
recovered. When the extra stimulus falls somewhat more delayed than before, 
but still close enough to the second regular stimulus to allow for summation of 
generator potentials, the corresponding generator response is therewith aug- 
mented. This causes the third response to be converted into a generator poten- 
tial. The original periodicity is thereupon resumed with a !9 cycle phase shift 
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Fic. +. Changes in pattern of alternating all-or-none and generator events caused 
by an extra stimulus. The corpuscle is stimulated mechanically at a regular frequency 
of 370/sec. (Lower beam signals stimuli). This causes a pattern (a) in which one 
propagated impulse (biphasic potential P) is followed by an alternating sequence 
of generator (G) and abortive T potentials. The latter are non-propagated all-or- 
none potentials blocked within the corpuscle. In }, c, d an extra stimulus is interposed 
at arrow mark at various instants within the stimulus sequence. Note the phase 
shift in c of the sequence of the original pattern and the appearance in b and d of a 
propagated impulse (P) when the preceding generator potential is made low by the 
extra response. Calibration: 100 cycles/sec.; 50 uV. 
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tc). In Fig. 4 d, a similar situation as in } is produced. Only that in d the 

efiective size of the extra stimulus is slightly smaller. The subsequent generator 

ential is expectedly reduced and the event thereafter is transformed into a 

y propagated potential (P). It seems noteworthy that whenever a generator 

potential belonging to a series of alternating T and G events is made to decrease 
sufficiently, the succeeding T event is turned into a propagated impulse. 





Fic. 5. Adaptation of the receptor as revealed by unrelatedness between stimulus 
duration and duration of generator potential: a, b, two successive mechanical stimuli 
are applied at 1 msec. interval producing respectively a propagated potential (P) 
ind a generator potential (G). Downward deflections of lower beam (slightly dephased 

th respect to upper) signal the electric pulses applied to the crystal. Duration of 
mechanical stimuli determined photoelectrically a, 1.5 msec.; 6, 10 msec.; c, photo- 
electric record showing a typical time course of a deflection of stimulating stylus of 
1.8 msec. duration; d, e, another corpuscle, anesthetized with procaine; generator 
potential in response to mechanical stimuli of d, 1 msec.; ¢, 1 sec. duration. Upward 
deflections of lower beam (retouched) signal electric pulses applied to the crystal. 
Vertical calibration of a, b, d, e, 25 wV. Time: a, b, 2 msec.; c, d, e, 1 msec. 


Adaptation of the Generator Process.—The generator potential set up in 
response to a single mechanical stimulus decays to zero in 4 to 8 msec. This 
agrees with Gray and Sato’s (1953) values obtained in anesthetized corpuscles. 
Time courses of generator potentials were studied at varying duration of 
mechanical stimuli ranging from 1 msec. to 1 sec., while the stimulus strength 
was held constant. For example, the duration of the generator potential (G) 
of Fig. 5 remained the same whether produced by a mechanical stimulus of 1.5 
msec. (a) or of 10 msec. duration (6). G could not be prolonged however long 
the stimulus was made. The generator response of the foregoing example was 
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obtained during refractoriness of the propagated event. Essentially the same 


results were obtained with generator potentials of corpuscles in which propa- 


gated potentials were abolished by bathing the preparation in Krebs’ solution 


G4 





S3 


4 * a 2 « 

Fic. 6. Building up of successive generator potentials at high frequency stimula- 
tion. Tracings of generator potentials (G) produced by frequencies of a, 560; b, 770; 
c, 1000 mechanical stimuli/sec. Initial vertical deflection of each record corresponds 
to the end of propagated potential which is the first response. S, stimulus artefacts. 
The numbers give the chronological order of stimuli and corresponding responses. 
Relative height of depolarization level cannot be estimated from these records due 
to stimulus artefacts. Time: 1 msec. between dots. 


containing 0.2 per cent of procaine (Fig. 5 d, e). At any given stimulus strength, 
the decay time of the generator potential, whether obtained by subthreshold 
stimulation, during refractoriness of the propagated potential, or after abolish- 
ing the latter by procaine, was found to be constant for a given receptor. It 
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nnot be said whether this also holds true for stimulus durations of less than 1 

sec. Because of physical properties of the damped stimulator system, dura- 

ms of mechanical stimuli could not be diminished below 1 msec. without 
reducing their strength at the same time. 

However the “spontaneous” decay of the generator potential is not due to 
incapacity of the receptor for maintaining a generator potential. The receptor 

an sustain well a composite generator potential provided it is restimulated at 
high enough frequency. Beyond a certain frequency of repetitive stimulation, 
only the first out of a series of stimuli sets up a propagated response. Each 
successive stimulus occurring before the preceding generator potential has 
sufficiently declined, is seen to produce a new generator response; the potential 
thus composed settles finally at an average value of depolarization (Fig. 6). At 
first, with periods of say, 49 decay time of the corresponding single generator 
potential, the outlines of the individual generator potentials may still be 
partially recognized in the compound generator potential. But as the stimulus 
frequency is increased, the composite potential becomes rather smooth, and 
besides, the final level of depolarization is reached earlier. With repetitive 
mechanical stimulation a generator potential can thus be built up which shows 
no appreciable decline over 50 msec. of observation (Fig. 7). The decrement of 
potential in these illustrations is apparent. The dotted line in each record 
represents the real time course of generator potentials after correcting for the time 
constant of the condenser coupled amplifier.) 

An analogous non-adaptive behaviour of the composite generator potential 
could be shown in corpuscles in which all-or-nothing activity was blocked by 
procaine (Fig. 8). 

The amplitude of the composite generator potential can be graded with 
stimulus intensity (Figs. 7 and 9). Within certain limits of strength, the final 
level of depolarization obtained with repetitive stimulation at constant fre- 
quency is roughly a linear function of stimulus strength. In experiments in which 
the stimulus could be made strong enough, a maximal strength was found 
above which the final level of depolarization started to decline (Fig. 9). 


Spontaneous Repetitive Activity 


In general, Pacinian corpuscles do not show ‘“‘spontaneous” activity. How- 
ever, occasionally ‘“‘spontaneously” discharging corpuscles were found. It 
seemed reasonable that repetitive activity of ‘‘spontaneous” origin and that 
produced by mechanical stimulation of the corpuscle are ruled by the same 
principles of refractoriness. The latter has, however, the advantage that 
variables are more easily controlled. In the hope of extending the analysis 
discussed in the next section to the “spontaneously” active corpuscle, the 
following experiment was done. 

Propagated impulses from a spontaneously discharging corpuscle were re- 
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corded over a given period on successive oscilloscope sweeps, and their tracings 
superimposed in Fig. 10 a. The impulses occurred at random at intervals shorter 
than one relative refractory period of the receptor. The corpuscle was then 
stimulated with a mechanical stimulus of suprathreshold strength, which at the 
same time triggered each sweep. Again, the tracings of the resulting frames, 
collected over a similar period of observation as before, were superimposed. 
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Fic. 9. Amplitude of composite generator potential as a function of stimulus 
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strength. Final level of depolarization built up by stimulating a non-anesthetized 
corpuscle with mechanical stimuli at a constant frequency of 900/sec., is plotted 
against stimulus strength. 


Fig. 10 6 shows that all spontaneous spikes (S) are cleared away for a certain 
time after the mechanically evoked response (M). The relative refractory period 
of the corpuscle was previously measured with mechanical stimulation. It was 
found that the period of silence in spontaneous firing subsequent to M was 
equal to one relative refractory period. 


Some of the S potentials discharged at random may have occurred just before an 
M potential. Some of the mechanical stimuli which produced the M response might 
therefore have fallen eventually within the absolute refractory trail of an S potential 
To reduce the probability for this happening, another potential (not shown in Fig 
10) was set up by suprathreshold mechanical stimulation !3 relative refractory period 
before the M potential, which explains the absence of S potentials at the beginning 
of the trace. 
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ANALYSIS 


It has been described in the preceding paper that when two mechanical 
stimuli are successively given at an interval below 7 msec., the second stimulus 
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Fic. 10. Clearing away of spontaneous propagated activity by a mechanically 
driven impulse. The corpuscle presents spontaneous propagated discharges. a, tracing 
of 31 superimposed successive frames showing spontaneous impulses discharged at 
random by the undisturbed corpuscle. 6, result of 34 superimposed successive frames, 
the corpuscle now being mechanically stimulated. Note disappearance of spontane- 
ous activity (S) throughout the relative refractory period left behind by the mechani- 
cally driven impulses (M). Time: 10 msec. between dots. 


finds the receptor in a refractory state so that (1) the magnitude of the second 
generator response becomes smaller than the first, and (2) the generator’s 
firing height is increased. The time course of recovery of the generator event 
(V) and that of the firing height (L) have been schematically represented in 




















10 ~=msec. 


Fic. 11. Analysis of effect of frequency (a, b) and of an extra impulse (c, P,). L, 
recovery of firing height. V, recovery of responsiveness of generator event; size factor 
of refractoriness has been represented by height of N at the instant, arbitrarily 
chosen, at which the preceding generator potential reaches peak value. Open rec- 
tangles denote stimuli. See text for description. 
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Fig. 11. The curves have been drawn with data from typical experiments of the 
preceding paper. In general, propagated impulses (P) will be discharged when- 
ever the generator potential (G) reaches the firing height (L) of the corre- 
sponding period. A generator potential produced in response to a stimulus of 
just threshold strength reaches the firing level only after at least one relative 
refractory period. With a period of less than 1 relative refractory period, as 
given in the example of Fig. 11 5, the corpuscle fires a propagated impulse with 
every second threshold stimulus. Patterns of alternating propagated and 
generator potentials are expectedly produced by repetitive stimulation. By 
increasing the stimulus strength, G2 may satisfy the firing level at an earlier 
moment of its recovery course, and eventually a one-to-one relationship be- 
tween stimuli and propagated responses ensues (Fig. 12 8). 

L represents the recovery of the minimal firing height of generator potential 
on top of an unknown base of membrane potential. If the propagated potential 
has a negative tail, as is suggested by the existence of a supernormal phase 
(Loewenstein, 1958), the corresponding recovery curve of the critical firing level 
of membrane potential would be expected to develop somewhat more steeply 
than that of L. 

The amplitude of a generator potential falling on the refractory trail of a 
preceding generator potential, is inversely related to the latter’s amplitude. This 
would seem therefore to determine a periodical alternation in size of generator 
potential. With the parameters of Figs. 11 5 and 12, the recurrent changes in 
size may actually be expected to be very small. They have been somewhat 
exaggerated in the drawing for the purpose of a better schematic representation 
of the size factor of the refractoriness of the generator process. At periods below 
one-half decay time of the generator potential, a composite generator potential 
can be built up which holds itself at a certain level. The size factor appears then 
to be mainly represented by this constant level and alternations in size are no 
longer seen (c.f. Fig. 8). 

If the stimulus strength is constant, and the period is reduced, a 1:1 ratio 
between propagated responses and stimuli may turn into a 1:2, 1:3, ---1: 0 re- 
lationship (Fig. 1). At first, with a slight reduction below the critical period 
fora 1:1 ratio, while the conditions for full propagation are no longer fulfilled, 
G may still be high enough to attain firing level of the first node of Ranvier 
(see next section for a discussion on the origin of the T spike). But as each 
successive generator potential falls on the refractory trail of the preceding one, 
the action current of the first node may be insufficient to satisfy firing require- 
ments of the still refractory second node, and impulses may thus become 
blocked. Whether the resulting response pattern is of the type of alternating 
propagated and T events (Fig. 1 5) or of alternating T and G events (Fig. 4 a) 
would depend on the magnitude of action current of the first node and, hence, 
indirectly on the size of generator potential (see next section), and on the 
period of the stimulating sequence. 
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A less complicated situation turns up when the period is made short enough 
to eliminate T activity, or when this is naturally absent. A pattern of propa- 
gated potentials in response to every stimulus may be converted into a sequence 
of propagated and generator potentials, by reducing the stimulus frequency so 


' 
i2 msec. 


0 


Fic. 12. Representation of effect of stimulus strength. Denotation as in Fig. 11 


that only each second, third, etc., generator event reaches the level for propa- 
gated firing (Figs. 1 and 11). The direct relation found between critical fre- 
quency and stimulus strength, or critical frequency and firing height fits in well 
with the present interpretation. 

In a regular sequence of recurrent propagated and generator potentials, an 
extra impulse can be set up whenever an extra stimulus (S.) produces a generator 
potential of enough amplitude to reach the firing level at the corresponding 
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period. The new requirements for propagated firing (Z.) introduced by the 
refractory trail of the extra impulse (P,), determine resetting of periodicity and 
appearance of a “compensatory pause” (Figs. 11 c and 3). The “compensatory 
pause” resembles that caused by an extra systole of the heart. It seems probable 
that generation of systolic and extra systolic potentials underly mechanisms 
similar to that of the corpuscle and that the present relations may be ex- 
tended to other structures at which impulses are generated. 

Repetitive activity of spontaneous origin may be treated similarly. The 
demonstration of a minimal interval between propagated potentials equivalent 
to 1 relative refractory period, of the example of Fig. 10, would seem to 
indicate that the non-aborting generator potentials just attained the firing 
height of the fully recovered receptor. Thus, without direct measurement, the 
amplitude of the spontaneous generator potential may be calculated from the 
silent period in spontaneous discharge subsequent to a mechanically driven 
response. By this method, and by direct measurement of the aborting generator 
potential in spontaneously active corpuscles, it was found that the frequency of 
spontaneous discharge is directly related to the amplitude of generator poten- 
tial. In two corpuscles in which the function of generator potential/frequency 
of discharge was established for spontaneous activity, also the function genera- 
tor potential/minimal frequency at which failure of propagated response occurs 
with mechanical stimulation was studied. They were found to be practically 
equal. 


DISCUSSION 


The rate with which a mechano-receptor adapts to a stimulus appears to be 
linked to the rate of decay of its generator potential (Loewenstein, 1956 a, 6). A 
slowly adapting receptor maintains a generator potential when a mechanical 
stimulus is applied and continuously sustained. If by anesthetics or by other 
means the generator potential is prevented from reaching firing level, it attains 
then a certain degree of depolarization (static level) proportional to stimulus 
strength, and maintains this level fairly well over prolonged periods of observa- 
tion. This is well illustrated by the muscle spindle (Katz, 1950) and the slow 
stretch receptor cell of Crustacea (Eyzaguirre and Kuffler, 1955). 

On the other hand, in rapidly adapting receptors, the generator potential 
decays rapidly below threshold value, although the mechanical stimulus pre- 
vails. The fast stretch receptor nerve cell of Crustacea and the Pacinian corpuscle 
provide good examples. Two mechanisms may be evoked to explain the “‘spon- 
taneous” decay in generator potential of fast adapting mechano-receptors: 
(1) The generator potential decays because the nerve ending is unable to sustaina 
continuous depolarization. This implies that the membranes of rapidly adapting 
sensory endings possess properties different from those of slowly adapting end- 
ings. However, in the present work, the Pacinian corpuscle was shown to be 
capable of sustaining well a generator potential over a prolonged period of 
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observation, provided it is restimulated at high enough frequency. (2) The fal 
in the single generator potential is determined by events prior to the generator 
potential. This again raises the question whether adaptation in mechano- 
receptors may have a mechanical basis. A mechanical component in adaptation 
has been postulated for the frog’s tactile receptor (Loewenstein, 1956 6). This 
rapidly adapting receptor may be turned into a slowly adapting one by stretch- 
ing its nerve terminal. In recent experiments, which will be described later, 
Pacinian corpuscles could be rendered slowly adaptive by similar means. It would 
seem, therefore, that adaptation in Pacinian corpuscles, i.e., the decay of the 
single generator potential is, at least in part, determined by mechanical factors. 

A direct relationship between the amount of depolarization of the static 
generator level and the frequency of discharged potentials has been shown for 
the muscle spindle of the frog (Katz, 1950) and for the slow stretch receptor 
of crustacean (Eyzaguirre and Kuffler, 1955). This is a widespread property 
among excitable tissues. It was therefore somewhat surprising that the constant 
level of depolarization which can be built up at the nerve ending of Pacinian 
corpuscles by repetitive stimulation was found unable to produce repetitive 
firing of propagated potentials, in spite of being considerably greater than the 
minimal firing height of the single generator potential. It was all the more un- 
expected in view of the fact that the Pacinian corpuscles, which gave “spon- 
taneous” activity, were found able to discharge repetitively on top of a certain 
level of depolarization after the fashion of the aforementioned slowly adapting 
receptors. The situation recalls the behaviour of sympathetic nerve cells 
(Eccles, 1954) whichare also unable to set up repetitive discharges with high fre- 
quency stimulation, although a high level of generator potential can be built 
up. The phenomena may be related to “Na inactivation” (Hodgkin and Hux- 
ley, 1952) occurring at the first node of Ranvier of the Pacinian corpuscle 
due to a constant current flowing outward across the node to the steadily 
depolarized non-myelinated nerve terminal. 

Important evidence for locating the origin of electric activity at the un- 
myelinated portion of the nerve ending has already been given by Gray and 
Sato (1953) and Diamond, Gray, and Sato, (1956). Several observations, namely 
the fluctuations, gradation, maximal value, size factor (of refractoriness) of 
generator potential, and the building up of composite generator potentials, 
point toward the existence of functionally independent units at the nerve ter- 
minal. In line with what is known at another generator structure, 1.e. the motor 
end-plate (Fatt and Katz, 1952; Castillo and Katz, 1956), it seems attractive 
to postulate a patch-like make-up of the nerve ending membrane which seems 
incapable of producing regenerative potentials. The diagram of Fig. 13 repre- 
sents hypothetical generator patches (G) acting somewhere at the end of the 
chain which transduces mechanical into electrical events. Each patch consti- 
tutes a unit of generation of minimal current. Graduation of the generator 
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potential with increasing strength of mechanical stimuli may be accomplished 
by spatial summation of G patches. An upper limit in generator current should 
be expected when all available patches are activated. This may account for the 
ceiling in the single generator potential which is found starting from a certain 
maximal stimulus. It also explains the size factor of refractoriness of the genera- 
tor potential, if the additional assumption of spontaneous fluctuations in excita- 
bility of individual G units is made. This seems reasonable, in view of the 
observed spontaneous fluctuations in threshold and in generator potential. 
They recall the fluctuations in end-plate potentials of skeletal musculature, 
which Fatt and Katz (1952) have shown to be caused by fluctuations of their 
miniature units, arising from active spots scattered all over the myoneural 
junction (Castillo and Katz, 1956). When a given stimulus activates a certain 
amount of available G units out of a number of fluctuating G units, the number 
of non-refractory G patches still available for a second stimulus, may be ex- 
pected to be inversely related to the strength of the first stimulus (size factor 
of refractoriness). When a maximal mechanical stimulus activates all available 
G units, an analogous situation to absolute refractoriness of the all-or-none 
event of a node, namely a period of complete irresponsiveness of the generator 
potential may be expected, and is in fact found. The hypothesis also provides 
an explanation for summation of generator potentials with iterative stimulation 
of the corpuscle. Alternations of occupied and free membrane patches with a 
spontaneously fluctuating excitability, may enable the receptor to sustain a 
certain level of depolarization when repetitively stimulated. As a corollary, and 
determined by the size factor of refractoriness, there should be a decline in the 
composite generator potential, when the stimulus is increased beyond a certain 
maximal strength. A decline in depolarization was, in fact, found in preparations 
in which the strength of the iterative stimulation could be made high enough. 
In recent experiments further and more direct evidence has been given for the 
existence of generator units distributed all over the non-myelinated nerve 
ending of Pacinian corpuscles (Loewenstein and Rathkamp, 1958). 

It seems likely that the regenerative potential arises at the first intracorpus- 
cular node of Ranvier (Diamond, Gray, and Sato, 1956). The responsiveness of 
a node is known to decrease during refractoriness (Tasaki, 1953). Since the 
safety factor for propagation of impulses between nodes also diminishes during 
the refractory state (Tasaki, 1953), it is conceivable that an “all-or-nothing” 
current of the first node, diminished during the refractory period, may become 
insufficient for starting a potential at the second still refractory node. Hence, 
provided the current flowing between the active generator units of the terminal 
and the first node is strong enough, a potential may be set up at the first node, 
and then abort. This may account for the T spike. It seems of interest that 
during the refractory period, regenerative potentials showed a certain graded 
behaviour related not only to the interval between potentials, but also to the 
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size of the corresponding generator potential. Although the T potential be- 
haved in all-or-none manner with regard to a certain range of mechanical 
stimuli, it could be graded in small all-or-nothing steps when the entire range of 
available generator potential was displayed. Moreover on raising sufficiently 
the stimulus strength, a previously abortive T spike, eventually became prop- 
agated. This may explain also why in a sequence of alternating T and generator 
events, such as shown in Fig. 4, an abortive T spike, became invariably propa- 
gated, whenever the corresponding generator potential was increased as result 
of a reduction of the preceding one. The fact that the refractory regenerative 
potential can be graded in steps suggests that it may be of composite nature 
and that the respons-ble membrane structure at the node may have a unit 
arrangement. 


[| wish to thank Professor B. Katz for helpful criticism of this paper. I am indebted 
to Dr. Rafael Altamirano-Orrego for assistance, to Dr. Mario Altamirano for valu- 
able discussion, and to Mr. A. Toutin-Olliver for unfailing technical assistance. The 
work was supported by a grant from The Rockefeller Foundation. 
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FACILITATION BY PREVIOUS ACTIVITY IN A PACINIAN 
CORPUSCLE 


By WERNER R. LOEWENSTEIN* 


(From the Institute of Physiology, University of Chile, Santiago) 
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ABSTRACT 
A period of supernormal excitability is left by a propagated impulse in a Pacinian 
corpuscle. The increase in excitability is found 6 to 10 msec. after an impulse occurs 
in the corpuscle. Supernormality is produced by either mechanically elicited dromic 
impulses, or by electrically excited antidromic impulses. Generator potentials do not 
cause supernormality. Local potentials discharged spontaneously by the corpuscle, 
and which fall on the supernormal trail left by an antidromic impulse, become en- 
hanced in amplitude, an eventually are turned into propagated dromic potentials. 
The supernormal period is interpreted as caused by a negative after-potential left 
at the first intracorpuscular node of Ranvier which outlasts both the recovery time 


of the firing level and that of the generator potential during the corpuscle’s relative 
refractory period. 


INTRODUCTION 


In a preceding study a facilitatory state was described in Pacinian cor- 
puscles (Loewenstein and Altamirano-Orrego, 1958). The facilitation was 
initially observed by sending an antidromic impulse into the corpuscle, and 
testing its threshold for mechanical stimulation at various intervals. It was then 
found that the threshold to mechanical stimuli becomes lowered for a short 
period following at approximately 7 msec. the arrival of an antidromic impulse 
to the corpuscle. This recalled the facilitation of the frog’s cutaneous tactile 
receptor brought about by impulses travelling along sympathetic fibres to the 
skin (Loewenstein, 1956). In line with this earlier observation, it was at first 
thought that the facilitation in the Pacinian corpuscle was caused by dromic 
impulses conveyed to it by other fibres than its afferent axon. The assumption 
became further supported by the finding that sympathomimetic amines ap- 
plied externally to the isolated Pacinian corpuscle rendered it more excitable 
to mechanical stimuli (Loewenstein and Altamirano-Orrego, 1956). The pres- 
ent experiments were done to examine the nature of the facilitation produced 
in the corpuscle by antidromic stimulation. They show that the aforementioned 
facilitatory state does not involve accessory fibres, but is the supernormal tail 
of the recovery cycle which each propagated impulse develops in the corpuscle 
travelling in either dromic or antidromic direction along the afferent axon. 


* Present address: Department of Physiology, Columbia University, College of 
Physicians and Surgeons, New York. 
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The experimental set-up and procedures have been described in the first of 
the present series of papers. 


RESULTS 


Facilitation by a Dromic Impulse.—In Fig. 3 of the first of the present series 
of papers a typical excitability curve is given for a Pacinian corpuscle. It can 
be seen that the threshold regains its normal resting value 9.5 msec. after 
the firing of a preceding propagated impulse. Just before recovering to normal, 
the excitability goes through a supernormal phase of 2 to 3 msec. duration. 
The change in excitability is small; it rarely amounted to more than a 15 per 
cent decrease of the normal threshold value at rest. During the supernormal 
period, an ordinarily subthreshold stimulus can be shown to reach the thresh- 
old for firing of a propagated impulse. An example is illustrated in Fig. 1 of 
the present paper. A mechanical test stimulus (S.), 14 per cent below thresh- 
old, is delivered to the corpuscle. When preceded by an 8 per cent subthreshold 
stimulus (S;), S: is always unable to produce a propagated impulse (Fig. 1 a), 
If S; is raised above firing threshold, a proportion of test stimuli sets up propa- 
gated impulses (P:) (6). The production of a supernormal phase in the cor- 
puscle requires: (1) that the conditioning event (P;) be a propagated response. 
A facilitation could never be shown if a generator potential was used as condi- 
tioning event. (2) That the interval between conditioning and test response, 
as measured over 14 corpuscles, be from 6 to 10 msec. The intervals between 
P, and P» of Fig. 1 6 and c demarcate the boundaries of the facilitatory period 
for this particular case. 

Facilitation by an Antidromic Impulse.—The facilitatory state can also be 
evoked by an antidromic conditioning potential (Fig. 2). It is inconsequential 
to the resulting facilitation whether the antidromic impulse is produced by 
excitation of the axon with leads placed close to, or at several centimeters 
away from the corpuscle. Since in the latter instance the conditioning impulse 
must travel a considerable distance before entering the corpuscle, it appears 
that here again the facilitatory state is due to the trail of the propagated po- 
tential and not to a local conditioning potential. 

In a few experiments the interval between arrival of the antidromic impulse 
to the corpuscle and occurrence of the facilitated response was calculated from 
data of axon distances and conduction velocity. To minimize errors, the axon 
was freed over a stretch of 5 to 8 cm. and the stimulating electrodes were placed 
at that distance from the corpuscle. The conduction speed was assumed to be 
uniform throughout the entire route of the impulse. If a change in velocity 
actually takes place over the ca. 0.5 mm. of intracorpuscular course of the axon 
(Quilliam and Sato, 1955), it may be expected to introduce an insignificant 
error in the calculation. An average interval of 7 msec. was found. This falls 
within the limits of facilitatory period resulting from dromically conducted 
impulses described in the preceding section. 
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Fic. 1. Facilitation after a mechanically evoked propagated impulse. A subthresh- 
old mechanical stimulus S, is brought to firing threshold when preceded by a propa- 
gated potential P;. a, Conditioning stimulus S, is subthreshold. 8, c, S; is suprathresh- 
old. Test stimulus S. is of constant strength in all experiments. Three successive 
osciloscope sweeps superimposed. Beyond the time limits demarcated in 6 and ¢ by 
the interval between P; and P: a propagated response P2 is no longer observed. ph, 
photoelectric record of mechanical stimuli of magnitude as used in b and c. Time: 


1 msec. 


Collision between Conditioning and Facilitated Response—Our first observa- 
tions were those of mechanically evoked responses facilitated by antidromic 
impulses. It seemed, at that stage, desirable to give a clear demonstration of 
the facilitation being actually caused by conditioning activity in the corpuscle’s 
afferent axon, and not by that of any other fibre running along the same nerve 
nto the corpuscle. For this purpose, an antidromic impulse (A) was set up by 
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electric stimulation of the axon before an ordinarily subthreshold mechanical] 
stimulus. The interval between the two stimuli was so chosen that the mechani- 


Fic. 2. Facilitation after an antidromic impulse. A constant mechanical stimulus 
S» of subthreshold strength (a) satisfies threshold conditions when preceded by an 
antidromic impulse (P;) produced by electric stimulation of the axon (c). a, no anti- 
dromic stimulation; ), antidromic stimulus (S,) subthreshold; c, at threshold produc- 
ing P;. Three seccessive sweeps superimposed. Calibration: 1 msec.; 50uV. 


cal stimulus became facilitated to threshold. The antidromic stimulus was held 
at threshold strength throughout the experiment. The mechanical stimulus 
(S:) was then raised above threshold, producing upon repeated stimulation the 
constant appearance of a dromically propagated potential (M) (Fig. 3 a). The 
conditioning stimulus (.S,) was thereafter delayed so that its resulting response 
(A) collided with, and abolished the dromically propagated mechanical response- 
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Fic. 3. Annulation of an orthodromic impulse by a preceding antidromic impulse. 
1, suprathreshold mechanical stimulus (S:) applied at arrow mark produces a po- 
tential (M) which travels orthodromically to recording lead (r) giving an initial 
ipward deflection of oscilloscope beam. Antidromic impulse (A) in response to elec- 
tric stimulus S,; preceding S,2 in 6.5 msec. does not interfere with M at this prolonged 


delay. b, S; precedes S: in 1.5 msec.; A collides with M before the latter reaches the 


recording lead. Superpositions of three successive sweeps. Distance between stimu- 
lating and recording leads was small. This caused the large initial upward deflection 
of the beam on top of which A is seen. Time: 1 msec. See text for further description 
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Fic. 4. Annulation of an antidromic impulse by collision with an orthodromic 
impulse. a, an antidromic impulse (A) is set up by an electric stimulus (S$) applied 
to the axon. }, an orthodromic impulse (M) caused by mechanical stimulation of 


the corpuscle 4 msec. before, cancels the antidromic impulse by refractoriness leaving 


no residual potential. Several sweeps have been superimposed. Time: 1 msec. 





Fic. 5. Facilitation of subthreshold spontaneous activity. a, spontaneous local 
activity (L) discharged at random by the undisturbed corpuscle. S,, shock artefact 
of subthreshold antidromic stimulation. 6, an antidromic impulse (A) travels towards 
he corpuscle causing in a proportion of applied stimuli an increment in the ampli- 
ude of local potentials or c, an orthodromic impulse (Z£) to appear as an echo at a 


relatively fixed delay from the antidromic impulse. Compare phases of “echo re- 
sponse” (E) with those of orthodromic impulse (d) produced by mechanical stimula- 
tion of the corpuscle. Several sweeps have been superimposed in a and c. Time: 1 


nsec, 
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before the latter reached the recording electrodes (6). Similar results were ob- 
tained by reversing the order of the events (Fig. 4). The antidromic response 
(A) then following after the dromic impulse (4) ran into the latter and was thus 
no longer detected. Since the collision leaves no detectable residual potential, 
it may be concluded that the facilitating as well as the facilitated impulse js 
conveyed by the same fibre, namely the corpuscle’s afferent axon. Further sup- 
port for this conclusion derived from the observation of facilitation of mechan- 
ically evoked responses by preceding mechanically evoked responses. 

Facilitation of Spontaneous Local Activity——Two mechanisms could account 
for the described facilitation: (1) the supernormal excitability is due to a dimi- 
nution of the generator’s firing level; (2) the generator potential becomes in- 
creased during the facilitatory period. The present facilitation, amounting at its 
best to 15 per cent increase in excitability, was too small, and the normal 
fluctuations of firing level, relatively too high, to allow meaningful information 
about small changes in firing level. Large decreases in firing level were not 
observed during the facilitatory period, and small reductions, if at all present, 
may have become masked by normal fluctuations. 

To test the second possibility it was endeavoured to facilitate subthreshold 
spontaneous activity, in corpuscles which discharged non-propagated potentials 
“spontaneously.” The randomly discharged local potentials (L) were recorded 
(Fig. 5 a). Besides, the axon was stimulated repetitively, each stimulus sending 
an antidromic impulse (4) into the corpuscle (Fig. 5 6). When a local potential 
(L) happened to fall within the above described limits of antidromic facilitation, 
it was usually seen to grow (b). Eventually, out of a number of antidromic 
impulses, some would cause the spontaneous local activity to be facilitated into 
dromically propagated potentials. These appeared then to arise from the 
corpuscle as an echo of the antidromic impulse, succeeding it at a fairly constant 
interval (c). By suitable placement of recording leads and by comparing the 
phases of the facilitated ‘‘echo’’—potential with that of an impulse in response 
to mechanical stimulation (d), it was shown that the latter really originated 
within the corpuscle and travelled dromically along its afferent axon. 


DISCUSSION 
The present facilitation has several features in common with the super- 
normality known long ago in other excitable structures such as nerves (Adrian, 


1920; Gasser and Grundfest, 1936) and cardiac muscle (Adrian, 1920 and 1921; 
c.f. Brooks, Hoffman, Suckling, and Orias, 1955). With the present recording 


conditions it is not possible to distinguish with certainty a “spontaneous” 
generator potential from an abortive “spontaneous” T potential, especially 
when the latter is small (c.f. Loewenstein and Altamirano-Orrego, 1958). 
Clear discernment requires, among other things, testing for the presence or 
absence of stepless gradations in potential with varying stimulus strength. 
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This, obviously, cannot be done with “spontaneous” potentials. The growing 
of local potentials during the corpuscles’ facilitatory period does therefore not 
necessarily imply an increment in generator potential. On the contrary, the 
mutual independence which is found between recovery cycles of generator and 
propagated potentials (Loewenstein and Altamirano-Orrego, 1958; Loewen- 
stein, 1958) makes it difficult to think of a propagated potential as cause of an 
increase in subsequent generator potential. It seems preferable to ascribe the 
growth of the local potential to the aborted T spike. A T potential, not existing 
in absence of facilitation may appear and summate with the generator potential 
under the present recording conditions; or an already existing “7” potential 
may receive an “‘all-or-none” addition during the period of facilitation (Loewen- 
stein, 1958). 

We are left therefore with the alternative that the facilitatory effects are due 
to a decrease in the minimal value of generator potential required for the 
firing of an impulse. This may in turn be brought about by a lowering of the 
critical transmembrane potential at which firing of propagated events occurs. 
No information was obtained at this respect, nor seems a lowering of the critical 
membrane level to have been shown for other structures which present similar 
supernormality. On the other hand it is likely that a negative after-potential 
will be associated with the lowering of minimal generator requirements. After- 
negativity is found in many types of nerve fibres and cells (Lorente de N6, 
1947; c.f. Grundfest, 1952; Brock, Coombs, and Eccles, 1952) and has been 
described for the frog muscle spindle (Katz, 1950) and for the slack stretch 
receptor cell of crustacean (Eyzaguirre and Kuffler, 1955). Let it be assumed 
that the propagated potential of the Pacinian corpuscle also leaves a prolonged 
depolarization behind at the first node of Ranvier. At the end of the relative 
refractory period the firing level at the node has reached its minimal value. 
By that time also the generator potential has fully recovered from refractori- 
ness. If then the tail of after-negativity coincides with the end of the relative 
refractory period, the generator potential may add to the after-potential and 
thus reach the firing level with a subnormal stimulus strength. In the light of 
the present interpetation the presence or absence of a supernormal phase will 
depend on whether the after-negativity outlasts the 7 to 10 msec. of relative 
refractoriness. 


I wish to thank Professor B. Katz for kindly reading the manuscript of this paper. 
I am also indebted to Mr. A. Toutin-Olliver for continuous technical assistance. 
The work was aided by a grant from The Rockefeller Foundation. 
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ABSTRACT 


An apparatus was constructed in order to record continuously and simultaneously 
changes in extinction and electrical conductance of rhodopsin solutions. With this 
apparatus, changes in electrical conductance on exposing rhodopsin to light were in- 
vestigated. On illumination solutions of rhodopsin revealed a conductance change so 
long as they preserved their photosensitivity. The conductance change begins almost 
immediately upon illumination and is almost proportional to the amount of rhodopsin 
decomposed, continuing until rhodopsin is converted to indicator yellow. Near pH 7 
the conductance is apt to increase slightly, while it decreases considerably outside the 
range of pH 6-9, being accompanied by a pH change towards neutrality. The con- 
ductance change is regarded as an essential property of rhodopsin, because it occurs 
in aqueous suspension as well as in digitonin solution; it may be caused by hydrogen 
or hydroxyl ions and some other conductive substances. It is also noteworthy that 
the petroleum ether-soluble component of the rod outer segments—presumably the 
lipide—tends to increase the conductance change. In suspensions of rod outer seg- 
ments and retinal homogenates, the conductance increases on illumination irrespective 
of pH: this may be due to secondary reactions following the photic reaction of rho- 
dopsin. We shall discuss the significance of the conductance change in relation to the 
initiation of visual excitation. 


Recent progress in the biochemistry of rhodopsin has been achieved mainly 
by Wald and other workers at Harvard University, as well as by Morton, 
Collins, and others of the University of Liverpool (cf. Wald, 1953, and Col- 
lins, 1954). They have even carried out enzymological studies on the “rho- 
dopsin cycle” in recent years. Nowadays one may be sure that incident light 
activates rhodopsin molecules and leads eventually to the stimulation of rod 
vision through a series of physical and chemical events. As the process re- 
lated to completion of vision must certainly involve quick reactions, a chem- 
ical study in this field is attended with many difficulties. Thus the analysis 
of the elementary process contributing to the formation of retinal impulses 


* The research was supported in part by a grant for scientific research from the 
Education Ministry of Japan. Accounts of the experiments were presented at the 
annual meetings of the Japan Zoological Society in 1953 and 1954. 
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has been reasonably allotted to the electrophysiologists, such as Granit, Hart- 
line, and others (cf. Granit, 1947). 

The writer is of the opinion that light may cause an ionization or photo- 
electric effect in rhodopsin molecules and that, if so, the activation of rho- 
dopsin must be accompanied by a change in the electrical properties of rho- 
dopsin solutions. In the present study we shall demonstrate a change in the 
electrical conductance of rhodopsin solutions on exposure to light, in order 


to establish the physicochemical basis of an initial phenomenon in the excita- 
tion of vision. 


Experimental Procedures 


Preparation of Rhodopsin Solution.—Cattle rhodopsin was prepared by a modifica- 
tion of the methods described by Collins et al. (1952 a) and Wald et al. (1951-52). 
Under a dim red light, thirty to fifty retinas are dissected from fresh eyes derived from 
the slaughter house and kept in the dark at 0°C. They are vigorously shaken with 
about half their volume of physiological saline (0.9 per cent) in order to detach the rod 
outer segments from the remaining retinal tissues. The thoroughly stirred mixture is 
filtered through a 60 mesh brass gauze shaped in the form of a hollow, whereupon the 
retinal debris is transferred into a glass tube to be shaken again with saline. This 
procedure is repeated three times, until a crude rod suspension containing melanin, 
blood, and retinal tissue fragments is obtained. This is transferred into a centrifuge 
tube, and saturated sucrose solution is carefully poured down the side of the tube so as 
to form a lower sugar layer of about half the volume of the saline suspension. With a 
flat-ended glass rod, the saline-sugar interface is stirred so that a gradient of concen- 
tration of sucrose may be produced between the top and the bottom. The tube is then 
centrifuged at 4,000 r.p.m. for 10 minutes, and now all the components of the suspen- 
sion are found to be accumulated in their own pycnotic levels. As this centrifugation 
brings down blood, melanin, and other tissue fragments, the rod outer segments are 
separated as a deep scarlet-colored layer, which can be easily removed from the tube 
with a pipette. The rod outer segments are centrifuged once more with saturated sugar 
solution. They are then washed with about 50 ml. of saline and centrifuged at 4,000 
R.P.M. for about 10 minutes. The washing is repeated more than three times until the 
supernatant becomes clearly colorless. The residue—the rod outer segments—is 
stirred in 4 per cent potassium aluminum sulfate solution, left to harden for 1 hour 
at 5°C., and washed three times with ion-free water. The final material is stored frozen 
at —10°C., and, when needed to extract rhodopsin, it is treated with 1 per cent aqueous 
solution of digitonin for about 1 hour at room temperature. 

In order to remove as much of the lipides as possible, the following treatment has 
been adopted. The rod outer segments are dried with a vacuum pump, ground in a 
mortar with about five times their volume of anhydrous sodium sulfate, and extracted 
two or three times by vigorous shaking with petroleum ether. The dried material is 
then washed with ion-free water in the centrifuge more than three times until it be- 
comes free of sodium sulfate. The procedure for extracting rhodopsin is the same as 
previously described. Rhodopsin solutions so prepared will be provisionally called 
“‘ipide-free.”’ 
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In the course of preparation we use no buffer, because the rhodopsin solution should 
be as free from ions as possible for reliable measurements of the conductance change. 
The pH of the rhodopsin solution is usually 4.4-5.2, probably being affected by the 
isoelectric point of the protein. Before each experiment, the absorption spectrum of 
the preparation is measured with a Beckman spectrophotometer between 320 and 
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Fic. 1. Diagram of the equipment used for measurement of transmission and 
electrical conductance of rhodopsin solution on illumination. See text for further de- 
tails in the figure. 


700 my, and the optical density (D) at 500 my and the optical purity (P), i.e. the 
ratio of extinction at the minimum to the maximum, is thus determined. 

Construction of Apparatus.—As every rhodopsin solution varies in respect to such 
properties as density, purity, and pH, it cannot always show a similar process of 
bleaching, even if illuminated with a constant light. Therefore, we must record con- 
tinuously and simultaneously the transmission and the electrical conductance during 
illumination, in order to examine exactly the amounts of electrical change at the time 
when a given amount of rhodopsin has bleached. For this purpose, the following ap- 
paratus has been constructed (Fig. 1). 
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A 40 c.p. tungsten point light (J), run off a constant voltage supply, is used as the 
source of illumination. After passing through a sector (D) rotated by an electric] 
motor (Q), the light is formed into a parallel beam by a condensing lens system (L), 
Reflecting at a pair of mirrors (M), it finally falls on the front face of the optical cel| 
(O, internal dimensions, 1.0 X 1.0 X 3.5 cm.) containing the rhodopsin solution. The 
maximum illumination measured at the optical cell is about 3,000 or 12,000 lux, de- 
pending on whether the sector is rotated or stopped. 

On the other hand, an 8 c.p. light (P) supplied by a battery is used as the source 
for electrophotometry. After passing through a lens, a variable slit (S), and a glass 
filter (F, Mazda V-G 1 with main wavelength, 518 my, or Hitachi’s interference filter 
with main wavelength, 503 my), the light is projected on the optical cell containing 
the sample solution, and hereupon, it falls through the rotatory sector on a photo- 
electric tube (V, Mazda PS-50-V : Sb—Cs), housed in an earthed container settled 
on the vibration-proof table. Since the transmitted light becomes intermittent on 
account of rotation of the sector, the photoelectric current is enlarged by a three 
stage A.c. amplifier at about 600 to 1,000 c.p.s. After rectification and filtration, the 
current goes to a detection box (7) consisting of a crude and a fine meter, and gives 
certain deflections which are recorded by the meters, corresponding to the transmis- 
sion of rhodopsin solution. As the rectified current is also led to an electromagnetic 
recorder (R) by metal-covered wire, the bleaching process of rhodopsin can be re- 
corded on a photographic paper. 

The rotatory sector (D) plays an important role in this apparatus. The sector is a 
thin circular disc (30 cm. in diameter), on which 20 slots of 1 cm. square are arranged 
in a circle with intervals of 3 cm. It rotates at 30 to 50 R.P.s. in a narrow compartment, 
each wall of which is endowed with a pair of windows 1 cm. square (W; and W3). On 
the rotation of the sector, the slots and the windows are synchronized as follows. When 
the monochromatic beam reaches the photoelectric tube through the sample, the 
illumination light (J) has been completely screened at the window W,, while the light 
(I) can reach the sample only when W; is closed. The sample solution bleaches in an 
instant, and its transmission is measured at the following one, and thus the bleaching 
process of rhodopsin can be exactly recorded. 

In order to keep the temperature of the sample practically constant during illumi- 
nation (afew minutes), a water reservoir (K, made of brass, 8 X 8 X 10 cm.) ispre- 
pared. It has a front and a rear window both with plane parallel faces, allowing the 
light to pass through the optical cell towards the tube. A cell holder (H), immersed 
in the reservoir, supports not only the optical cell but also a pair of platinized plati- 
num electrodes (£), fitted exactly into the cell (cell constant, 0.564). For the measure- 
ment of electrical conductance, the electrode leads are connected to the unknown arm 
of a Wheatstone bridge (B), into which a variable condenser is added in parallel with 
the variable arm. The alternating current sent to a diagonal of the bridge is generated 
in a CR oscillator (G), usually 1,000 c.p.s. and less than 1.0 volt. To detect the break- 
ing of balance in the bridge and to record the conductance change, the slight potential 
difference between both ends of a high resistance placed in another diagonal is en- 
larged by a three stage A.c. amplifier (A), and the resulting rectified voltage is sent 
to another detection box and finally to the recorder, where the magnitude of conduct- 
ance change on illumination can be recorded continuously on the microampere scale. 
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An electromagnetic shutter (J) is placed between the illumination source and the 
sector. The window opens completely in less than 1 millisecond. A part of the illumi- 
nation light is not reflected at the first mirror, but goes on to another photoelectric 
tube (U) which signals the illumination period on the photographic paper. On the 
way to the recorder, the leads sending the signal are provided with a chronometer 
(C) for marking the time. 

All the equipment except the motor driving the sector is served by batteries in 
order to avoid various troubles resulting from fluctuation of voltage during the ex- 
periment. As any slight change in the rotation rate of the sector exerts little influence 
on the experimental results, the stability of the apparatus can be regarded as sufficient 
to perform the recordings. The sensitivity of the apparatus can be varied by adjusting 
the gain of the circuit with the attenuator. At its greatest sensitivity, a 0.01 per cent 
increase or decrease in the resistance of the variable arm corresponds to a 30 mm. 
deflection on the photographic paper; that is, we can easily detect a 10~* change in 
the electrical resistance of the sample, while a 1 per cent change of transmission indi- 
cated by an accessory fine meter (NV) corresponds to a 10 mm. deflection. 

Operation of Apparatus.—The apparatus is ready for use about 20 minutes after 
all the parts have been supplied with electrical sources. 1.5 ml. of rhodopsin solution 
is introduced into the optical cell, a pair of electrodes is connected to the cable lead 
to the bridge, and then the balance in the bridge is examined. After the sensitivity of 
each circuit has been so adjusted as to complete the records of transmission and re- 
sistance, we reset each deflection of the meters just at the zero point with the com- 
pensator prepared in the detection box. Now, if one presses a remote control switch, 
the recording starts and soon the illumination begins by means of the electromagnetic 
shutter. At this time the deflections of the meters increase corresponding to the 
changes in transmission and in electrical resistance of the sample, and the course of 
the changes is automatically recorded on photographic paper in the recorder. When 
a shutter switch is turned off after a certain illumination period (usually within 1 
minute), the recording soon finishes. If a scale-out should take place on account of 
the extraordinary magnitude of resistance change during the recording, reading of 
the meter would have to be carried out at short intervals as far as possible. 

The unit of change is marked on the records as follows. As for photometry, the 
values of transmission before and after the recording can be determined from the 
accessory fine meter (NV). In this case, transmissions are, of course, proportional to 
deflections of the vibrator in the recorder. As for measurement of resistance change, 
when the apparatus is just ready for recording and the bridge is balanced, the re- 
sistance of its variable arm is altered by a unit ohm and every reading in microamperes 
is noted down, corresponding to this breaking of the balance. The unit of change can 
be deduced from these readings and inserted into the records (cf. Fig. 2). For better 
understanding, the bleaching of rhodopsin is rewritten in terms of its extinction instead 
of transmission, while the course of resistance change is denoted in terms of the per- 
centage change of resistance (the amount of change in ohm/the initial resistance of 
the solution; AR/R). Hereafter we shall name the former REC (rhodopsin extinction 
curve) and the latter RRC (rhodopsin resistance curve).! 


‘ Let AC be the amount of conductance change, and C the initial conductance of 
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In general, electrical conductance is very susceptible to temperature. In our ex. 
periments, however, heat emitted by the illumination source is almost completely ab- 
sorbed by the water reservoir, so that the temperature of the sample is kept practically 
constant during illumination. As rhodopsin is very labile in relation to various physi- 
cal and chemical factors, it is also necessary to check the effect of alternating current 
For instance, after 10 or 20 ma. a.c. had been sent for 10 minutes to the cell contain. 
ing rhodopsin solution, the absorption spectrum was examined in the range of 300 to 
700 my. The extinction at 500 my of the control sample decreased from 0.236 to 0.225 
or 0.219 after exposure to 10 or 20 ma. respectively. The slight bleaching seems to be 
due to a small amount of heat produced by the alternating current. However, since 
the current applied in the experiments is less than 100 microamperes, rhodopsin can 
scarcely be bleached in the course of the experiments. 


RESULTS 


1. Bleaching and Resistance Change of Rhodopsin Solutions.—An example 
of the records revealing an intimate relation between bleaching and resistance 
change on exposure of rhodopsin to light is shown in Fig. 2. When a rhodopsin 
solution is exposed to light, the resistance increases, and when screened, it 
no longer shows any remarkable change. The process of resistance increase 
fully corresponds to that of bleaching, both accompanied by an after-effect 
of illumination. When most of rhodopsin has bleached into indicator yellow 
a few minutes after illumination, further illumination does not cause any re- 
markable resistance change. It is therefore clear that the conductance change 
in question takes place while rhodopsin undergoes the bleaching into indi- 
cator yellow. 

As long as the solution shows a red color, its ability to exhibit this resist- 
ance change remains virtually unaffected, even after the solution has been 
stored for several weeks. Consequently, the resistance change is related to 
the photosensitivity of rhodopsin. In other words, the rhodopsin molecule 
may have in itself a capacity for electrical response to the light. The resist- 
ance change is also observed in rhodopsin solutions prepared from the retinas 
of frogs (Rana nigromaculata). Therefore, such an electrical response may 
be regarded as one of the general characteristics of rhodopsin solution, irre- 
spective of animal species. 

2. Resistance Change in Relation to Rhodopsin Density.—If the resistance 
change is associated with the rhodopsin molecule, the amount of change must 
be dependent on the concentration of rhodopsin. Another example revealing 
the relation between REC and RRC is shown in Fig. 3. The change in ex- 
the solution, then . will be equal to R wr — lor — R a As R>AR in 


C| |ARI 
our case, we also have cl~lRI Therefore, we can regard RRC as the process 0! 


percentage change of conductance. 
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tinction (REC) is clearly exponential with illumination time at least within 
20 seconds after illumination, indicating that it involves a reaction of the 
first order. We find also that the resistance change is almost proportional to 
the amount of rhodopsin bleached during every illumination period; hence 
RRC must also be exponential. The results of two further experiments made 


under the same conditions were identical with those shown in Fig. 3. 
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Fic. 3. An example of RRC and REC. Solid line, RRC; broken line, REC. A 


value in parentheses denotes the initial resistance. 


Let us now calculate the actual conductance change in this instance. The 
optical density of rhodopsin decreases from 0.524 to 0.392 during the initia! 
9 seconds, while the resistance change amounts to 1.185 per cent. Therefore 
the actual conductance change” is calculated as 0.115 X 10-° mho per 0.132 
of optical density, or 0.87 X 10-* mho per unit optical density. This means 
that the change in a solution with a Eso3,, of 1.0 amounts to 0.49 X 10 
mho in specific conductance at pH 4.7. 


; , ; AC 
* As described in the preceeding footnote, is equal to —|, so that tl 
( 


ty ; AC AR 1 
actual conductance change AC is obtained from C x Co x —. In ord 


R R- 
to show the change in specific conductance, AC must be multiplied by the cell cor 
stant 0.564. 
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Initiation of Resistance Change.—The initial phase of the process of re- 
ce change goes on as shown in Figs. 4 and 5. The record shown in Fig. 
is taken on illumination with 12,000 lux, while that in Fig. 5 was ob- 
ed on exposure to a photoflash lamp. The former record clearly indicates 
the resistance increase begins within 20 milliseconds after the beginning 
lumination. From the latter record which is taken with the apparatus 
isted for high sensitivity, we remark that the change begins at the very 
moment when the light reaches the sample. We must here give attention to 


following points. First, a resistance increase apparently occurs —in spite 
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Fic. 4. A record of resistance change on illuminaticn with 12,000 lux. Sample, 
().484 in D, 0.35 in P, and pH 4.5. 
of a resistance-decreasing tendency owing to a rise in temperature resulting 
from intense illumination; and second, the electrical response takes place 
quite rapidly in the rhodopsin solution, which is still more remarkable when 
we take into consideration the delayed movement of the vibrator. 

+. The Dependence of Resistance Change on pH.—As shown in the above 
experiments, rhodopsin solutions at about pH 5 always show an increase in 
the electrical resistance, i.e. a decrease in the conductance, on exposure to 
ight. However, it seemed possible that the resistance change would depend 
m the pH of the solution. A single preparation of rhodopsin was therefore 
livided into aliquots which were brought to various pH by addition of a small 
juantity of hydrochloric acid or sodium hydroxide.’ Because of these addi 


pH must be varied within the range in which rhodopsin undergoes no bleaching 


fact, a sample irradiated at pH 2 showed no more resistance change 
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Fic. 5. A record of resistance change on exposure to a photoflash lamp (total light 
output, 65,000 lumen seconds), placed at a distance of 50 cm. from the sample. Sample, 
0.484 in D, 0.35 in P, and pH 4.5. 
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tions, every aliquot has, of course, a different initial resistance, but this fact 
does not interfere with the qualitative examination of the effect of pH. A 
group of RRC obtained from such a set of preparations is illustrated in Fig 
6. In both acid and alkaline samples, the resistance conspicuously increase 
on illumination, while it slightly decreases in an almost neutral sample. A: 
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example of the experimental results obtained from another set of prepara- 
tions is shown in Fig. 7, in which we have plotted the percentage change in 
RRC of every aliquot 30 seconds after illumination with 3,000 lux. It is clearly 
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Fic. 8. Resistance change of rhodopsin solution at various pH. Open circles, ordi- 
nary solution; filled circles, lipide-free solution. 


shown that the resistance increases progressively as the pH of the solution 
is shifted towards either extreme, while it decreases slightly in the pH range 
of 6-9. 
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A resistance-decreasing pH range determined on a set of preparations 
might not always hold on the other preparations with different optical puri- 
ties. All the results obtained from several sets of preparations are brought 
together in Fig. 8. In the figure, there is plotted the percentage change in 
RRC 30 seconds after illumination, when the initial density of every sample 
is converted into 0.400. Although each experiment could not be made under 
the same conditions of optical purity and intensity of illumination, the figure 
seems to be sufficient to show the relation of pH to the increase and decrease 
of resistance. It must be remarked that the resistance-decreasing range is 
always between pH 6-9. It should be noted that in Fig. 7 the curve intersects 
the line for zero resistance change at two points. At these points there is, 
therefore, no resistance change in spite of the bleaching of rhodopsin. The 
fact that the resistance change is dependent on the pH of the rhodopsin solu- 
tion may be due to the protein character of rhodopsin, since it is known that 
the dissociation or denaturation of proteins is related to pH. 

5. pH Change on Illumination.—In order to understand the way in which 
resistance change depends on pH, one must know the change in pH which 
accompanies the bleaching of rhodopsin solutions, because the pH change may 
sometimes cause the resistance change of the solutions. With the glass elec- 
trode pH meter (one drop type), the pH change of the rhodopsin solution 
during bleaching was continuously measured. Table I is obtained from this 
experiment. Following illumination, the rhodopsin solution shows a slight 
change in pH; the initial pH shifts more or less towards the neutral.‘ As the 
pH meter cannot trace the pH change without lag, it is difficult to analyze 
the process of pH change of the solution during illumination, but we can 
roughly estimate that the rhodopsin solution (about 0.40 in D and P) reveals 
a pH change of as much as 0.01 unit 30 seconds after illumination with 3,000 
lux. 

If one considers the resistance change with reference to the pH change on 
illumination, it will be noted that the pH change is always accompanied to 
some extent by an increase in resistance of rhodopsin solution. Near pH 4 
or 10, the resistance increase as the result of exposure of rhodopsin to light 
may be mainly dependent on the pH change of the rhodopsin solution, since 
the initial conductance of the sample is principally due to hydrogen or hy- 
droxyl ion. In these cases, a pH change of 0.01 unit may correspond to as 
much as a 2 per cent increase in resistance. Near neutrality, even if there were 
a slight change of pH, it could not exert a remarkable influence on the re- 
sistance change, because the initial conductance of solution must be mainly 
ascribed to conductive substances other than hydrogen or hydroxy] ion. 


4 The results generally coincide with those of Radding and Wald (1955-56 a, b), who 
recently reported on the change of pH in rhodopsin solution following exposure to 
flashes at various pH. 
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Anyhow, the resistance decrease observed in the range of pH 6-9 is likely 
to have an essential and important significance with regard to the photo- 
chemical response of rhodopsin. Outside the neutral range, we must suppose 
that the resistance decrease is cancelled out by the pH change which is re- 
sponsible for the increase in resistance. 

Radding and Wald (1955-56 a) found two distinct types of pH changes of 
rhodopsin in solution following exposure to flashes at various pH: (1) imme- 
diate changes, apparently connected more or less with the light reaction and 
unequivocally observed only at neutral and acid pH, and (2) relatively slow 
changes, independent of the changes in absorption spectrum at both acid and 


TABLE I 
pH Change of the Rhodospin Solution on Illumination 





Conditions pH before illumination (pH shift after illumination 





D:0.42 +0.04 
P:0.37 ‘ +0.05 
lipide-free . +0.12 
1 min. after .26 +0.12 
exposure to 10,000 lux ; —0.05 





D:0.17 +0.06 
P:0.39 +0 .06 
lipide-free —0.02 
2 min. after —0.03 
exposure to 10,000 lux 





D, optical density; P, optical purity. 





alkaline pH. As the conductance change which we observe at acid and alka- 
line pH may depend mainly on the pH changes following illumination, our 
results suggest that an immediate change in pH takes place during bleaching 
of rhodopsin at alkaline as well as acid pH.°® 

6. Removal of Petroleum Ether-Soluble Component.—According to Collins 
and his coworkers (1952), the rod outer segment contains a large amount of 
phospholipide—about 30 per cent of the dry weight. In order to examine the 
influence of lipide on the resistance change of rhodopsin solutions, we have 
prepared two types of rhodopsin solution, depending on whether the rod 
outer segments have been previously extracted with petroleum ether or not. 
As the lipide-free solutions are usually of far greater purity than the ordinary 
ones, they can be compared only by means of simultaneous measurements 
of bleaching and resistance change. 


* Recently we recorded an immediate increase in resistance during exposure of 
rhodopsin solution to flashes of intense light at alkaline pH as well as acid pH. 
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An example of the experiments is illustrated in Fig. 9, In this example, 
the decrease of 0.06 in the optical density—at 518 my—corresponds to the 
resistance increase of 0.33 or 0.49 per cent according to whether the rods were 
treated with petroleum ether or not. In general, the percentage change of 
resistance for bleaching a given amount of rhodopsin is clearly larger in or- 
dinary solutions than in lipide-free solutions. This is also the case at other 
pH’s, as shown in Table II. Thus the lipide raises the percentage change of 
resistance in rhodopsin solutions irrespective of pH. Moreover, as the ordi- 
nary solution is usually lower in the initial resistance than the lipide-free 
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Fic. 9. Effect of lipide on resistance change of rhodopsin solution. Solid line, RRC; 
broken line, REC. 


one, it is obvious that the former must show a larger change of actual con- 
ductance as well as a larger percentage change of resistance on illumination. 

Strictly speaking, such a simple representation cannot always hold good 
for samples near both ends of the resistance-decreasing pH range. In fact, 
the reversal of resistance change near the end of this range (cf. the case of pH 
8.2 in Table IT) is related to whether the solution contains lipide or not. Con- 
sidering the results in Fig. 8, the lipide also seems tomake wider the resist- 
ance-decreasing pH range, or to shift it slightly towards the more alkaline side. 
Though the resistance change in this range is so slight and moreover so 
complicated that the effect of lipide cannot easily be determined, it cannot 
be denied that the lipide modifies the resistance change, even near pH 7. 

7. Influence of Digitonin—Rhodopsin can be brought into aqueous solu- 
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TABLE II 


Effect of Lipide on the Resistance Change of the Rhodopsin Solution on Illumination 
: aes natin ! si 


Condition Percentage change of solution 


Date | : nae 








Fall of density at 
518 mp in REC 





| Initial density | 
at 500 mu | 


1954 
July 12 0.20 | 4.8 +0.49 +0.33 


Initial pH Ordinary | Lipide-free 


; +0.48 +0.30 
July 15 | 0.02 +0.01 
40.17 +0.05 


+0.12 +0.07 
July 30 0.13 +0.09 +0.07 
—0.06 —0.02 





tion only with the aid of such solubilizers as bile salts or digitonin. Such rho- 
dopsin solutions do not contain free rhodopsin molecules but micelles of rho- 
dopsin in combination with the solubilizer (cf. Wald, 1944; Hubbard, 1954). 
One must, therefore, inquire whether the digitonin affects the resistance 
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change on illumination. After treatment with petroleum ether, the rod outer 
segments were ground with glass powder, suspended in a small amount of 
ion-free water, and centrifuged at 3,000 r.p.m. for several minutes. The su- 
pernatant contains a fine suspension of rhodopsin (pH 10.5), and is slightly 
more opalescent than the digitonin solution. A series of aliquots at various 
pH’s is prepared by addition of hydrochloric acid to such a suspension, and 
similar experiments are performed. 

A typical result is shown in Fig. 10. The general characteristics of the RRC 
and its pH dependence are the same as in digitonin solution. It may therefore 
be concluded that the resistance change on illumination is a specific property 
of rhodopsin and has nothing to do with the digitonin. Though the solubilizer 
may influence the dispersed state of rhodopsin molecules, the latter can stil] 
display the capacity for resistance change on illumination. 


sat.ZnS04 
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Fic. 11. Diagram of the cell used for measurement of the conductance of r.o.s. 
suspension and retinal homogenate. 


In these experiments, the initial resistance of every aliquot is lower than in 
the previous experiments, because of inevitable contamination with salts in 
the course of preparation. Under such conditions, the component which 
mainly determines the initial resistance value is surely some other substance 
than hydrogen or hydroxyl ion. The percentage change in acid or alkaline 
aliquots is clearly lower than that found in the previous experiments. There- 
fore, it must be concluded that the resistance change in these experiments is 
markedly suppressed because the pH change is masked by a large amount of 
other conductive substances. 

8. Resistance Change in Rod Outer Segment Suspension and Retinal Ho- 
mogenate.—The change in conductivity of rhodopsin solutions upon illumina- 
tion shows that such a change appears even in a medium containing fragments 
of visual cells. For the experiments with suspensions of rod outer segments 
and retinal homogenate, a pair of non-polarizable electrodes consisting of 
zinc-zinc sulfate and gelatin is used instead of platinum electrodes (Fig. 11). 
Into a cell made of glass tubing (diameter, 13 mm.), a suitable amount of 
warm physiological saline containing 10 per cent gelatin is poured, and after 
hardening, the gelatin is removed from the center of the tube, into which the 
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sample may then be introduced. Since the internal resistance of the cell is 
about ten times as high as that of the sample, the sensitivity is only about 
one-tenth that obtained with rhodopsin solutions. Moreover, local migration 
of ions between the electrodes and the sample is inevitable, so that the re- 
sistance changes slightly at a constant rate, at least during the short period 
of these experiments. The initial resistance of the sample is obtained from 
the difference between resistances measured before and after mercury (re- 
garded as zero ohm) has been put in place of the sample. 
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Fic. 12. Resistance change in saline suspension of the rod outer segments and of 
retinal homogenate. 











The rod outer segments isolated from 45 fresh retinas are suspended in 
10 ml. of saline, omitting extraction with petroleum ether, and 2 ml. of the 
suspension are used for each experiment. The conductivity cell containing 
the sample is immersed in a water bath, and illuminated through 20 cm. of 
water. One of the results—an average of six curves obtained at pH 7—is shown 
in Fig. 12. The conductance clearly increases with time after the beginning 
of illumination with 5,000 lux. The change is rather linear in spite of the rela- 
tively high illumination and hence somewhat different from that found with 
rhodopsin solutions. The resistance change is larger than that of the rhodop- 
sin solutions, in spite of higher conductivity of 0.9 per cent saline (45.3 ohm), 
so that the cause of change may lie not only in the bleaching of rhodopsin, 
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but also in any other secondary reactions in cell fragments. Furthermore, as 
the current of frequency of 1 kc. may flow more through the medium than 
across the cell fragments, the resistance change is probably due to some con- 
ductive components diffused into the medium. 

The pH dependence of conductance change in the rod outer segment (r. 0, 
Ss.) suspension is indicated in Table III. Over the entire pH range, the con- 
ductance always increases on illumination, clearly indicating a different sit- 
uation from that of the rhodopsin solution. The rod outer segments must 


liberate considerable amounts of conductive substances irrespective of the 
pH of the medium. 


TABLE III 
Resistance Decrease of r.o.s. Suspension and Retinal Homogenate 60 Seconds after Illumination 


a | 
| 
Date | Sample | Illumination | 
| | # |-s | 3 





Initial pH 











1954 | per cent 
Nov. 19 | Suspension of rod | 2,500 lux | 0.58 | — 
| | 


outer segments 
Nov. 16 Retinal homogenate | 


| 
| 
1 


1.31 | 1.48 





| | 
| 5,000 lux at 





In the experiments with retinal homogenates (12 retinas per 10 ml.), the 
change is not very different from that found with the r. o. s. suspension (Fig. 
11), and the increase in conductance on illumination is about the same over 
the whole pH range (Table III). Of course, one cannot be sure that changing 
the pH of the medium alters appreciably the pH inside the r. o. s. in suspen- 
sions or homogenates. It would appear from the results in Table III that 
the pH of the medium, however, exerts some influence on the r. o. s. in sus- 
pension, as exhibited by the conductance change. Although the pH change 
on illumination is observed with r. o. s. suspensions and retinal homogenates, 
hydrogen or hydroxy! ions are not likely to make a large contribution to the 
increase in resistance, because of the extremely low resistance of the saline 
solution; the liberation of other ions or radicals must, therefore, be mainly 
responsible for the increase in conductance. We must therefore conclude that 
the principal cause of the conductance change is some secondary process fol- 
lowing the photoreaction of rhodopsin in the rod fragments. 


DISCUSSION 


1. Conductance Change and the Lipide ——The electron microscope studies of 
Sjéstrand (1949, 1953) revealed the submicroscopic structure of rods and 
cones in guinea pig and perch. The rod outer segment appears to consist of 
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a pile of regularly spaced membranes, which are associated in pairs and pri- 
marily composed of protein. Though the location of the lipide has not yet 
been determined, it seems justified to assume tentatively that the double 
layers of lipide molecules are restricted within the double membrane disc. 
For the rhodopsin, there remains little place other than in the membranes, 
and hence Sjéstrand’s analysis implies that the lipide is located near the 
rhodopsin. Such a structure must provide a chance for the lipide to act closely 
upon the rhodopsin. 

In our experiments, the influence of lipide on the change in conductivity 
upon illumination has already been pointed out, and as a consequence, we 
should like to propose the following consideration. In order that the rho- 
dopsin play a sufficient role in a physiological sense through its conductance 
change, the lipide must be closely connected to the rhodopsin so as to par- 
ticipate in the excitation process. The rhodopsin is regarded chemically as a 
chromoprotein composed of retinene and opsin, but, when it reveals any phys- 
iological function, it must act as a “rhodopsin complex” constituted by reti- 
nene, opsin, and lipide. The chemical composition of the complex and the 
mode of its association with other components to form a rod disc, are im- 
portant problems which must be investigated in the future. 

In the experiments on the pH dependence of the conductance change, we 
noted that there is a pH at which the rhodopsin solution does not reveal any 
conductance change on illumination while it successively bleaches, and more- 
over that such a pH shifts, being affected by the lipide content of the solu- 
tion. This may be important for the mechanism of photoreception in the rods. 
The lipide should not be regarded merely as an impurity in rhodopsin solu- 
tions; it must play an important role in the photoreceptive process of rho- 
dopsin. 

2. Denaturation of Rhodopsin.—Mirsky (1936) suggested that the bleach- 
ing and resynthesis of rhodopsin might be regarded as a reversible denatura- 
tion of its protein moiety. The shift of the isoelectric point (Broda and Victor, 
1940) and the change in the rotatory polarization (Takamatsu, 1933) of 
rhodopsin solutions on illumination suggest that a denaturation of the protein 
is associated with the bleaching of visual pigments. Many other experiments 
appear to support a concept of rhodopsin denaturation on illumination. 

Recently Wald and Brown (1951-52) showed by means of the amperometric 
silver titration that the bleaching of rhodopsin is accompanied by the lib- 
eration of sulfhydryl groups, a change which is known to accompany de- 
naturation. Though the final pH of the mixture containing rhodopsin was 
about 9 in their experiments, the results have offered concrete evidence that 
the rhodopsin may be denatured in the course of bleaching. They pointed 
out that, in the silver titration, the bleaching of rhodopsin yields directly an 
electrical variation, and moreover suggested that this phenomenon may pro- 
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vide a model of the excitation process in general. The sulfhydryl groups may 
be expected to affect the hydrogen ion concentration because of their mild 
acidity, or to change the oxidation-reduction potential of rhodopsin due to 
their strong reducing power. In fact, the pH change was observed on illumi- 
nation of rhodopsin solution (Radding and Wald, 1955-56 a), and we know 
that a change in the oxidation-reduction potential accompanies illumination 
(unpublished observation). At any rate, it is very interesting that denaturation 
may have some fundamental connection with the physiological role of rho- 
dopsin. 

According to Radding and Wald (1955-56 a, b), slow changes of pH following 
the illumination of rhodopsin are associated with the reversible denaturation 
of opsin in acid and alkaline solution, as evidenced by loss of its capacity to 
regenerate rhodopsin. Comparing our results with theirs, it is clear that the 
conductance changes do not correspond to the slow changes, but to the im- 
mediate changes in pH. We therefore believe that the conductance change 
caused by illumination corresponds to a change prior to the denaturation of 
opsin. The conductance change which depends on pH may be an expression 
of the weak denaturation of rhodopsin as a whole, which contributes to visual 
excitation. 

3. Generation of Nerve Impulses—The creation of nerve impulses may be 
considered as an event in which some electrical change is produced by means 
of reactions derived from photoactivation of rhodopsin. As mentioned pre- 
viously, the changes in the electrical conductance of the rhodopsin complex 
imply the movement of some electrically conductive substances. When the 
charged substance migrates or is localized somewhere immediately after 
illumination, it must, even in the rod, be accompanied by a change in po- 
tential difference, which may contribute to the generation of nerve impulses. 
In a physiological framework, the phenomenon of conductance change may 
therefore be associated with visual excitation. However, in order to under- 
stand the significance of the conductance change, we must elucidate the fol- 
lowing points: (1) What factors participate in the conductance change, and 
(2) When does the rhodopsin molecule initiate the conductance change? 

The first question cannot be answered exactly. The electrical conductance 
of the solutions may be due to many kinds of conductive ion or radical, among 
which hydrogen and hydroxy] ions are registered as pH. As stated previously, 
the pH of rhodopsin solutions changes slightly during bleaching and shifts 
more or less toward neutrality. On the contrary, the pH remains virtually 
unchanged in neutral solutions. It is therefore probable that the pH change 
influences the conductance change in acid or alkaline solution, while it cannot 
be an important factor in the conductance change near neutrality. There 
must therefore be some other ions or radicals associated closely with rhodop- 
sin besides hydrogen or hydroxy] ions. 
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As for the second problem, it has become clear in these experiments that 
the conductance change occurs while rhodopsin changes to indicator yellow. 
As the conductance change shows little lag after illumination, we assume 
that it is initiated during the early stages of bleaching. However, we hope to 
answer this more decisively in the near future. 


I should like to thank Professor Ichijiro Honjo and all the members of his labora- 
tory for encouragement, advice, and criticism. Special thanks are also due to Mrs. 
Reiko Hara for her kindness in cooperating with me in many ways during the progress 
of this research. 
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ABSTRACT 


Isolated frog sartorii were exposed for 30 minutes to HETP—an irreversible anti- 
cholinesterase, and were then soaked in Ringer’s at 15°C. for 16 hours. At the end of 
the period of soaking the mean resting potential of the muscle fibers was only 29 mv. 

The decrease in the resting potential of the HETP-treated muscles was accom- 
panied by a loss of potassium and a gain in sodium by the muscles. 

The effect of anticholinesterases on sodium extrusion was studied by incubating 
the muscles in a Ringer’s containing half of the normal amount of sodium. The mus- 
cles respond by extruding sodium against a concentration gradient into the external 
medium. Sodium extrusion was blocked by prior exposure of the muscle to HETP, 
and reversibly blocked by exposure to physostigmine. The inhibition of sodium ex- 
trusion by physostigmine was correlated with the inhibition of the intracellular 
cholinesterase. 

Sodium extrusion was also blocked by high concentrations of 2-methyl-1,4- 
napthaquinone 8-sulfonic acid and by a-ketoglutarate, which are known to inhibit 
choline acetylase in vitro. But sodium extrusion was not affected by a third inhibitor 
of choline acetylase, phenobarbital. 

Sodium extrusion was unaffected by KCN and partially blocked by IAA. The 
IAA block was eliminated by the addition of pyruvate. It is concluded that either 


glycolysis or oxidative metabolism can furnish the energy needed for sodium ex- 
trusion. 


INTRODUCTION 


Cholinesterase is widely distributed in animal tissues. But we now under- 
stand the physiological work of this enzyme only at certain synapses, like the 
neuromuscular junction and the autonomic ganglion. The significance of cho- 
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linesterase in other animal tissues remains a mystery. An approach to this 
problem comes from recent studies on the effect of inhibitors of cholinesterase 
on frog skin (Kirschner, 1953), red cells (Holland and Grieg, 1950), Eriocheir 
gills (Koch, 1953), Chironomus anal papillae (Koch, 1953), and squid nerve 
(Rothenberg, 1950). All these studies suggest that poisoning the cholinesterase 
in the tissue leads to an inhibition of the active transport of ions. There is evi- 
dence in several of these studies that the ion transport mechanism may also 
involve other members of the cholinergic system: acetylcholine and choline 
acetylase. On the other hand, a number of investigators argue against the 
proposal that ion transport involves cholinesterase; this point will be returned 
to in the Discussion. 

The present experiments examine the cholinergic system and the transport 
of ions in an excitable tissue, the sartorius muscle of the frog. Impetus for the 
study came from observing the physiology of the brain neurons of the cecropia 
silkworm during the pupal diapause. During the diapause the resting potential 
of the brain neurons is only about 25 mv. This contrasts with the 65 mv. rest- 
ing potential measured in neurons located in the ganglia of the ventral nerve 
cord of diapausing animals (Van der Kloot, 1956). The single enzymatic differ- 
ence detected between the brain and the ventral ganglia is that the cholines- 
terase titer of the brain is low. These facts suggest a relation between the low 
titer of cholinesterase and the low resting potential. There is further support 
for this idea. The neurons of the brain recover a normal resting potential 
shortly before the onset of adult development, and the recovery of the normal 
resting potential coincides with the reappearance of the normal titer of cho- 
linesterase (Van der Kloot, 1955 a, 1955 6). From these results it was tempting 
to assume that the disappearance of cholinesterase from the brain neurons 
caused the decrease of the resting potential. 

Yet the evidence about the commonly studied vertebrate tissues did not 
strongly support this assumption. Toman et al. (1947) showed that the inhi- 
bition of cholinesterase did not cause a sharp decline in the injury potential of 
frog nerve. On the other hand, Lorente de N6 (1947) demonstrated a delayed 
but sharp depolarization of frog nerve following exposure to the anticholines- 
terase, physostigmine. More recently, Wright (1956) detected a slight depo- 
larization of frog and rabbit nerves following the application of physostigmine. 
It seemed then quite possible that the profound depolarization found in the 
cecropia brain neurons during diapause could not be attributed to the low 
level of cholinesterase activity. The question, whether cholinesterase activity 
is related to the resting potential, led directly to the following experiments. 


Materials and Methods 


Animals.—The experiments were performed on sartorius muscles dissected from 
the frog, Rana pipiens. The frogs, it must be recognized, were studied in different 
seasons; for example, the electrical measurements were made in the late summer 
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while the ion determinations were made in winter and spring. Because of this the 
results of the different experiments may not be compared directly. 

Ringer’s—The Ringer’s used in this study contained 111 mm NaCl, 1.8 mm CaCl, 
2.7 mm KCl, and 2.5 mm NaHCO3. 

Anticholinesterase and the Resting Potentials —In the experiments designed to test 
the effect of an irreversible anticholinesterase on the resting potential, the two sar- 
torius muscles were dissected from a frog. One of the muscles was placed in a solution 
compounded of 90 cc. of Ringer’s and 10 cc. of Sigma 7-9 buffer at pH 7.2. The second 
muscle was placed in 100 cc. of the same solution which also contained 5 xk 10 mu 
hexaethyltetraphosphate (HETP-—Monsanto). After 30 minutes of soaking both 
muscles were taken from the solutions and were washed in a series of baths of Ringer’s. 
The muscles were then put in individual beakers each containing 100 cc. of Ringer’s. 
The beakers with the muscles were kept at 15°C. for the next 16 hours. Then the 
resting potentials of the muscle fibers were measured in Ringer’s at room temperature. 

The measurements of the resting potential were made using the familiar intracellu- 
lar pipette technique of Ling and Gerard (1949). The micropipettes were pulled with 
the help of an automatic puller (Alexander and Nastuk, 1953) and were filled by 
boiling in 3 M KCl. The filled pipettes with a D.c. resistance of from 10 to 40 megohms 
were selected for use. The pipette was attached to the input grid of a conventional 
cathode follower; the output of the cathode follower ran to the D.c. amplifier of 
Dumont 304B oscillograph. The cathode ray tube was photographed before, during, 
and after the impalement of a muscle fiber. The recording system was calibrated by 
the signal from a Beckman square wave calibrator which was connected between 
the indifferent electrode in the bath and the ground. 

Oxygen Consumption.—Sartorius muscles were dissected and were treated as if they 
were being prepared for resting potential measurements, as was described above. 
After soaking, in the usual manner, for 16 hours at 15°C., the muscles were blotted 
and weighed. The muscles were next passed through a Latapie mincer and the minced 
muscle was transferred to a glass homogenizer which was chilled in ice water. After 
a thorough homogenization the muscle brei was diluted with the medium II of Krebs 
(1950) to a final volume of 3.0 cc. The oxygen consumption of the diluted homogenates 
was measured in Warburg respirometers at 25°C. 

Cholinesterase—Determinations of the cholinesterase titer of control muscles 
and of muscles exposed to HETP were performed by the manometric method of 
Ammon (1933). The muscles were homogenized and diluted with the reaction medium, 
which consisted of Ringer’s containing 0.017 mm NaHCOs. The substrate was acetyl- 
choline bromide in a final concentration of 0.015 m. 

In some experiments it was necessary to measure the cholinesterase activity of 
intact, rather than homogenized, muscles. For these measurements ethylchloroacetate 
was used as the substrate because this molecule, unlike acetylcholine, readily pene- 
trates into the intracellular phase (Altamirano ef al., 1955). This is clear from the 
control experiments which showed that, with ethylchloroacetate as the substrate, 
intact sartorius muscles gave 85 to 90 per cent of the cholinesterase activity shown 
by homogenates. 

When the action of reversible cholinesterase inhibitors on the intact muscle was 
studied, the muscles were exposed first to the inhibitor in Ringer’s for 30 minutes 
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and then were transferred to a 5 or a 15 cc. Warburg flask containing 3 cc. of a Ringer’s 
solution, which included—in addition to the usual salts—0.015 m ethylchloroacetate, 
the inhibitor in the desired concentration, and 0.017 m NaHCOs. The measurement 
of cholinesterase activity then followed in the customary way. 

Sodium and Potassium Measurements——The experimental muscles were blotted 
dry and put in tared platinum or fused silica crucibles which were then weighed. 
The muscles were dried to a constant weight at 105°C. The difference between the 
wet and the dry weights is the “muscle water.” The muscles were then ashed over- 
night at 400°C. The ash was dissolved in 1.0 cc. of 0.1 N HCl, diluted to a known 
volume by the addition of glass-distilled water, and the sodium and potassium con- 
centrations of the resulting solutions were determined using a Baird Associates flame 
photometer. 

Sodium Extrusion.—These studies utilized the method of Shaw and Simon (1955). 
The sartorius muscles were dissected and then were equilibrated in Ringer’s for 2 
hours. They were then transferred to a solution containing 56.75 mm NaCl, 113.5 mu 
sucrose, 2.7 mm KCl, 1.8 mm CaClo, 2.7 mm NaHCO;; in short, a Ringer’s solution 
in which half of the sodium was replaced by sucrose. The muscles were left in this 
“sodium-deficient” saline for 30 minutes. During the period of soaking, the sodium- 
deficient saline and the muscle were kept at 25°C. by immersing their container in a 
water bath. At the end of the 30 minutes the muscles were taken from the sodium- 
deficient saline and prepared for sodium and potassium measurements. 

Phosphocreatine—The phosphocreatine in control and experimental sartorius 
muscles was measured by the method described by Hawk ef al. (1954). 

Acetylcholine Measurement.—The muscles were blotted dry, rapidly weighed, and 
transferred to sea water which had been brought to pH 4 by adding HCl and which 
also contained 10~* m physostigmine sulfate. The muscles were then ground in glass 
homogenizers and the homogenizer tubes containing the brei were placed in a water 
bath at 80°C. for 5 minutes. The resulting extracts were stored at — 20°C. and were 
assayed from 1 to 2 weeks later by the method of Welsh (1943) using the isolated 
ventricle of the quahog, Mercenaria mercenaria. Before use the ventricles were ex- 
posed for 15 minutes to 10~* m LSD-25 (lysergic acid diethyl amide; Sandoz products). 
As Welsh (1954) has shown, this drug excites the molluscan heart to the utmost and 
thereby furnishes an excellent condition for the assay of inhibitors of the ventricular 
beat. Lysergic acid treatment also masks the action of any excitor substances which 
might be found in the tissue extract. 

Because this is a biological, rather than a chemical, method, the assay will respond 
to all compounds acting like acetylcholine. So there is no guarantee that acetyl- 
choline itself is the cholinergic compound. To help keep this reservation in mind, the 
substances assayed on the quahog heart will be called acetylcholine-like materials. 


RESULTS 


The Effect of Cholinesterase Inhibitors on the Resting Potential 


It will be remembered that for an hour or two after exposing nerves to anti- 
cholinesterases, previous investigators did not find a striking fall in the resting 
or injury potentials of these nerves. In the present experiments I decided to ex- 





WILLIAM G. VAN DER KLOOT 883 


pose the muscles to the anticholinesterase and then to give the muscles a long 
period in which they could reequilibrate with the Ringer’s of the external 
medium. Therefore, the experimental muscles were briefly exposed to an ir- 
reversible inhibitor, HETP, and were then soaked for 16 hours in Ringer’s 
before the resting potential was measured. 


Qo,: ChE: 


a 


HETP 


meen oO 
60 20 4 60 


TIME (min-) 


Fic. 1. The oxygen consumption and cholinesterase activity of control and of 
HETP-treated sartorii. @ @, controls, which were soaked in Ringer’s at 15°C. 
for 16 hours. O- —- - —-O, oxygen consumption of muscles which were exposed for 30 
minutes to 5 X 10-‘m HETP and then soaked for 16 hours in Ringer’s at 15°C. 
O:—-—O, cholinesterase activity of HETP-treated muscle. 











The results showed that the control muscles, which were soaked for 16 hours 
in Ringer’s without prior exposure to HETP, kept a high polarization across 
the cell membrane; in 21 measurements the average resting potential was 84 
+ 3.5 (s.E.) mv. However, the resting potentials of muscles exposed to HETP 
before soaking in Ringer’s fell markedly. Thirty-four measurements gave a 
mean value of 29 + 2.3 mv. There is another difference between the control 
and the HETP-treated muscles. The muscles previously exposed to HETP 
were unexcited by direct electrical stimulation, while the control muscles re- 
mained excitable. 
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The electrical measurements do not, of course, show how HETP brought 
about the fall in the resting potential of the muscle fibers. It is clear from meas- 
urements of the cholinesterase activities of the control and of the experimental 
muscles, shown in Fig. 1, that exposure to HETP caused an almost complete 
inhibition of the cholinesterase of the treated muscles. The control muscles, 


150 











TIME (hours) 

Fic. 2. The effect of HETP treatment on the concentrations of sodium and po- 
tassium in sartorii soaked in Ringer’s at 15°C. *—-—-*, sodium plus potassium 
in muscles not treated with HETP.®——®@, potassium in muscles not treated 
with HETP. O----O, sodium plus potassium in HETP-treated muscles. 

O, potassium in HETP-treated muscles. For details see the text. 


which were treated the same way except for exposure to HETP, kept a high 
level of cholinesterase activity. 

Although the muscle’s cholinesterase is inhibited after exposure to HETP, 
it is by no means certain that cholinesterase is the only poisoned enzyme 
Probably there is no inhibitor which is absolutely true to its intended target. 
In particular, anticholinesterases are suspected of inhibiting respiratory en- 
zymes. To test this possibility the oxygen consumption of the HETP-treated 
and of the control muscles was measured. The results of one of these experi- 
ments are illustrated in Fig. 1. As the figure shows, the oxygen uptake of the 
two homogenates was almost identical, which proves that the HETP treatment 
did not significantly impair the enzymes involved in oxygen consumption. 
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From the evidence presented so far it appears that the inhibition of the cho- 
linesterase in the muscle may lead to a fall in the resting potential. 


Sodium and Potassium Distribution Following Cholinesterase Inhibition 


The resting potential of the muscle fiber is thought to be generated by the 
distribution of ions across the cell membrane: the evidence for this view is 
summarized by Hodgkin (1951) and it has recently been strengthened by 
Adrian (1956). According to this interpretation, the fall in the resting potential 
observed after exposure to HETP should be accompanied by a decrease in the 
potassium contained in the muscle fiber. 

To test this hypothesis, a group of sartorii, treated in the same fashion as 
the muscles used for the electrical measurements, was assayed for sodium and 
potassium at various intervals after the time of exposure to HETP. The re- 
sults are summarized in Fig. 2. The figure shows that when soaked in Ringer’s 
the muscles treated with HETP began to lose potassium and to gain sodium. 
The change in the ionic composition of the poisoned muscles was noticeable 
after 2 hours and pronounced after 4 hours. After 16 hours of soaking in Ringer’s, 
the HETP-treated muscles reached a steady state of ionic distribution which 
was maintained for the following 24 hours, after which no further measure- 
ments were made. The control muscles underwent changes in content which 
were similar in direction but much less dramatic than the changes shown by 
the HETP-treated muscles. The control muscles lost some potassium and 
gained some sodium during the first 16 hours of soaking in Ringer’s at 15°C. 
It should be noted however, that after 16 hours the control muscles contained 
over twice as much potassium as the HETP-treated muscles. 

Next the mechanism for the loss of potassium by the HETP-treated muscle 
fibers was considered. The high concentration of potassium normally present 
in the muscle fiber is commonly believed to be maintained by the activity of 
a sodium “pump,” which actively extrudes the sodium as it diffuses into the 
muscle fiber. Carrying this idea further, the loss of potassium and the gain in 
sodium found in the HETP-poisoned muscle could be attributed to a block 
of the mechanism for the active extrusion of sodium ions. The next experiments 
were designed to measure the effect of anticholinesterases on the sodium ex- 
trusion mechanism. 


The Effect of Anticholinesterases on Sodium Extrusion 


The study of sodium extrusion by muscle was made easier by the work of 
Shaw and Simon (1955) who put toad muscles in a Ringer’s solution contain- 
ing only half of the normal concentration of sodium. The muscles respond by 
extruding sodium from the fibers until a new equilibrium is reached between 
the interior and the exterior of the cell. When this equilibrium is reached the 
interstitial fluid—now composed of the sodium-deficient saline—has a higher 
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concentration of sodium than does the interior of the cell. The data are inter- 
preted as a measure of the active transport of sodium from the interior of the 
cell, against a concentration gradient, into the external solution. By using this 
technique, the effect of enzyme inhibitors on the sodium extrusion mechanism 
may be assessed readily. 

The enzyme inhibitors first tested were anticholinesterases; the effects of these 
agents on sodium extrusion are recorded in Table I. The table shows that the 
sodium content of normal muscles placed in sodium-deficient saline falls to 
about 22 m.eq./kg. Concurrent exposure to physostigmine (Merck) or pre- 
vious exposure to HETP prevented the fall in the sodium of the muscle. In the 


TABLE I 


The Sodium and Potassium Contents of Muscles after 30 Minutes in Sodium-Deficient 
Saline at 25°C. 





| | 


Sodium (m.e i c 
_ .eq./kg. | Potassium (m.eq./.kg. 
Inhibitor | muscle water) + S.£, | muscle water) + s.z. 


| 
None 1 | 108 + 2 
Previously exposed for 15 min. to 5 X 10-4 : 2 72 + 13 
mM HETP 
10-* mu physostigmine in sodium-deficient saline d 82 + 4 
Exposed to 10-* mu physostigmine for 30 min., 107 + 2 
washed, and transferred to sodium-deficient | 
saline | 
10-* mw prostigmine in sodium-deficient saline | 104 + 7 





untreated muscles the decrease in sodium was accompanied by an increase in 
potassium. In all the experiments the sum of the sodium and of the potassium 
in the muscles remained relatively constant; the control and the experimental 
muscles did not significantly differ in their content of alkali. 

The data also show that the action of HETP was irreversible. The effect of 
physostigmine was eliminated by simply washing the inhibitor from the muscle. 
This observation agrees with the well known action of these drugs on cholin- 
esterase. 

On the other hand, a third anticholinesterase, prostigmine, (Delta Chemical 
Works) did not inhibit sodium extrusion by muscles soaked in sodium-defi- 
cient saline. Why should two anticholinesterases block sodium extrusion when 
a third inhibitor had no effect? The most likely answer to this question was 
given by Rothenberg ef al. (1948) who showed that quaternary nitrogen com- 
pounds, like prostigmine, cannot penetrate into cells, while tertiary nitrogen 
compounds, like physostigmine, readily penetrate into cells and there inhibit 
the intracellular cholinesterase. The present experiments suggest that pro- 
stigmine, which is unable to enter the fibers, has no effect on sodium extrusion, 
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whereas the anticholinesterases which penetrate into the interior of the muscle 
fibers can inhibit sodium extrusion. 


Sodium Exirusion and Cholinesterase Inhibition 


The measurements just reported seem to mean that anticholinesterases 
which enter the muscle fibers can block sodium extrusion. The measurements 
do not prove that cholinesterase itself participates in the extrusion mecha- 
nism. Inhibitor studies, as Danielli (1954) has stressed, must be supported by 


50 
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1) 1o-° io-® 1o-* 


J 
1078 


PHYSOSTIGMINE CONCENTRATION 
(M/L) 
Fic. 3. The mean sodium content of the muscle water—after 30 minutes in sodium- 
deficient saline—as a function of the concentration of physostigmine. In every ex- 


periment 10~* m prostigmine was present. The vertical lines on the points indicate 
the standard errors. 


evidence showing that the inhibitor actually lowers the activity of the enzyme 
and that the decrease in enzyme activity is paralleled by a fall in the rate of 
ion movement. 

To meet these standards, the rate of sodium extrusion in the presence of 
graded concentrations of physostigmine was measured. As is shown in Fig. 3, 
sodium extrusion from the muscle was scarcely affected by the presence of 
10-* m physostigmine. But as the physostigmine concentration was raised the 
amount of sodium found in the muscle increased, a result which implies that 
the rate of sodium extrusion dropped in the presence of higher concentrations 
of this anticholinesterase. It should be noted that all the experiments were 
conducted with 10-* m prostigmine (the anticholinesterase having no effect on 
sodium extrusion) in the sodium-deficient saline. The prostigmine was added 
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to make possible the next experiments, which were designed to see whether the 
inhibition of sodium extrusion was related to the inhibition of the intracellular 
cholinesterase. 

To this end, the cholinesterase activity of intact muscles was measured in 
the presence of 10~* Mm prostigmine and of graded concentrations of physostig- 
mine. This was done by using ethylchloroacetate as the substrate. The results 
showed that the 10-* m prostigmine inhibited from 40 to 60 per cent of the 
muscle’s cholinesterase; this fraction is the “extracellular” enzyme, already seen 
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PHYSOSTIGMINE CONCENTRATION 
(M/L) 
Fic. 4. The mean cholinesterase activity of muscles as a function of the concen- 


tration of physostigmine. In every experiment the medium contained 10 m 
prostigmine. The vertical lines on the points indicate the standard errors. 


to be unimportant for sodium extrusion. The residual, or “intracellular,” cho- 
linesterase activity was not affected by 10-* m physostigmine, as is shown in 
Fig. 4. But higher concentrations of physostigmine progressively lowered the 
activity of the cholinesterase; in 10-* m physostigmine the inhibition of cholin- 
esterase was almost complete. 

A comparison of Figs. 3 and 4 shows that the physostigmine concentrations 
which reduced the activity of the intracellular cholinesterase correspondingly 
decreased the amount of sodium extruded by the muscle fibers. Because it was 
necessary to treat the muscles differently in the two series of measurements, 
the striking inverse resemblance between the two curves may be fortuitous. 
Nevertheless, cholinesterase activity may well be an important prerequisite 
for the active extrusion of sodium. The alternative is that an enzyme closely 
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related to cholinesterase—an enzyme poisoned by the same inhibitors—is 
needed for the extrusion of sodium. 


The Effect of Choline Acetylase on Sodium Extrusion 


The evidence suggests that cholinesterase, or its close relative, is involved 
in the sodium extrusion mechanism. But this conclusion does not necessarily 
implicate the remainder of the cholinergic system. Conceivably cholinesterase is 
needed for sodium extrusion, but acetylcholine and the choline acetylase system 
are not required. For this reason, experiments were performed to test the effect 


TABLE II 
The Effect of Agents Known to Inhibit Choline Acetylase in Vitro on Sodium 
Extrusion by Isolated Frog Sartorii 
The freshly dissected muscles were soaked for 2 hours in normal Ringer’s containing the 
indicated concentration of the inhibitor and were then soaked for 4% hour in sodium-de- 
ficient saline containing the same concentration of the inhibitor. 





seat 
Inhibitor present ’ woh nah 
water) + S.E. — 





None 25 
5 X 10-3 u phenobarbital 24 
10-? 7 24 
10-? mw 2-methyl-1,4-naphthaquinone 8-sulfonic 39 

acid 
10-* 29 
10-4 uw 25 
10-° uw | 23 
10-* m @ ketoglutarate 27 
10° Ma . 35 


77 
87 
87 
81 


Ht Ht Ht It 
i Ht Ht HF 


80 
86 








Ht He He He OE 
HH Ht He 


| 75 
} 








of inhibitors of the choline acetylase system on the process of sodium extrusion. 
Unfortunately these experiments are particularly difficult to design, because 
potent and specific inhibitors of choline acetylase are not known. In spite of 
this difficulty, some of the chemicals which inhibit choline acetylase in vitro 
were tested for effects on sodium extrusion by sartorii soaked in sodium-de- 
ficient saline. 

The effect of three of these agents is summarized in Table II. The first in- 
hibitor tested was 2-methyl-1,4-napthaquinone 8-sulfonic acid (Nachmansohn 
and Weiss, 1948). The results show that high concentrations of this chemical 
inhibited the extrusion of sodium by the muscles. A similar inhibition of sodium 
extrusion was obtained by exposing the muscles to high concentrations of 
a-ketoglutarate (Nachmansohn and John, 1944). It is important to note that 
these results could not be obtained by merely adding the chemicals to the 
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sodium-deficient saline, as was the practice with the anticholinesterases; in- 
stead the muscles were incubated with the supposed inhibitor of choline acety- 
lase for 2 hours in Ringer’s before they were further exposed to the inhibitor 
during the 30 minutes in sodium-deficient saline. However, muscles exposed 
in the same manner to a third inhibitor of choline acetylase, phenobarbital 
(Marks, 1956), extruded sodium in the normal way. 

The results then are open to two interpretations: either the napthaquinone 
and the a-ketoglutarate are inhibiting some unknown enzyme system which 


TABLE III 
The Titer of Acetylcholine-Like Material in Sartorii 


The titer is expressed as the amount of Acetylcholine chloride required to produce a 
comparable inhibition in the beat of the isolated ventricle of the quahog. 





No. of Titer of acetylcholine- 
Treatment measurements like material 








uem./gm. 
Soaked for 24% hrs. in normal Ringer’s 1.4 +0.2 
Soaked for 2 hrs. in normal Ringer’s, 4 hr. in sodium-de- 0.80 + 0.26 
ficient Ringer’s 
Soaked for 2 hrs. in normal Ringer’s, 4 hr. in sodium-de- 2.2 + 0.4 
ficient Ringer’s containing 10~-* m physostigmine 








Soaked for 2 hrs. in normal Ringer’s containing the in- 
dicated concentration of inhibitor and then soaked 
for }4 hr. in sodium-deficient Ringer’s containing the 
same inhibitor concentration: | 

5 X 10-* mw phenobarbital 
| 
| 





10-? m 2-methyl-1 ,4-naphthaquinone 8-sulfonic acid 
10-? u a-Ketoglutarate 
10-* M a o | 











is needed for sodium extrusion, or the phenobarbital failed to affect choline 
acetylase in vivo. The second alternative could be unambiguously tested by 
assaying choline acetylase activity in an intact muscle which had been exposed 
to phenobarbital. Unfortunately no technique for this measurement has been 
described. I tried to resolve this question by assaying the titer of acetylcholine- 


like materials in muscles exposed to the chemicals used as choline acetylase 
inhibitors. 


Acetylcholine-Like Substances and Sodium Extrusion 


The results of a series of bioassays of the acetylcholine-like substances in the 
frog sartorius are summarized in Table III. Perhaps the most striking fact re- 
vealed by these measurements is in the control series, which showed that mus- 
cles put for 30 minutes in sodium-deficient saline contained only 60 per cent 
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of the acetylcholine-like material found in the muscles which were kept in nor- 
mal Riager’s throughout the experimental period. Clearly, some of the ace- 
tylcholine-like material of the muscle is consumed during the period of active 
sodium extrusion. 

The results also show that by adding 10-* m physostigmine to the muscles 
in the sodium-deficient saline, the titer of the acetylcholine-like material was 
increased above the level found in the control muscles. From this it would 
seem that the acetylcholine-like material is being synthesized in the isolated 
muscle and that, under normal conditions, the hydrolysis of some of the ace- 
tylcholine-like material is catalyzed by cholinesterase. 

The next measurements were designed to test the effects of the presumed 
choline acetylase inhibitors on the titer of acetylcholine-like material. All the 
inhibitors tested, including phenobarbital, caused a pronounced decrease in the 
titer of acetylcholine-like material in the muscles (see Table III). It seems, 
therefore, that each of the inhibitors tested can penetrate into the muscle fibers 
and interfere with the synthesis of the acetylcholine-like material. Since phe- 
nobarbital interfered with acetylcholine synthesis but did not block sodium ex- 
trusion, there is no reason to think that the activity of choline acetylase is es- 
sential for the extrusion of sodium. 


The Effect of Synaptic Blocking Agents on Sodium Extrusion 


A further attempt was made to assess the role of acetylcholine-like mate- 
rials in sodium extrusion by studying the action of drugs thought to compete 
with acetylcholine for sites on the receptor protein at cholinergic synapses. 
The data (which it seems unnecessary to report in detail) showed that the ex- 
trusion of sodium by muscles placed in the sodium-deficient saline was un- 
affected by 10-* m decamethonium bromide, 10~* m d-tubocurarine, or 10-* m 
atropine sulfate. Similarly, 10-* m triethyl choline (triethyl-8-ethanol ammo- 
nium hydroxide; synthesized by the method of Channon and Smith, 
1936) failed to affect sodium extrusion, even though triethyl choline is an 
antimetabolite of choline (Keston and Wortis, 1946). It is clear that the in- 
hibitors of cholinergic transmission which have been tested have no effect 
on sodium extrusion. But the discussion will show that the results do not allow 
us to conclude that an acetylcholine receptor molecule is unnecessary for 
sodium extrusion. 


The Effect of Glycolytic and of Respiratory Inhibitors on Sodium Extrusion 


So far attention has been directed toward the function of the cholinergic 
system in the process of sodium extrusion. However, anticholinesterases are 
not the only chemicals which inhibit sodium transport. It will be recalled that 
Shaw and Simon (1955) demonstrated that iodoacetic acid (IAA), which is 
primarily an inhibitor of glycolysis, caused a decrease in the rate of sodium 
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extrusion. And this result was readily confirmed, as is seen in Table IV, though 
it should be noted that the inhibition of sodium extrusion caused by 107 
IAA was not as strong as that produced by 10-* physostigmine (see Table I). 
It was also observed that the sartorii exposed to IAA went into rigor, which 
suggests that the high energy phosphate compounds in the muscle were de- 
pleted. Consequently the action of IAA is open to two interpretations: either 
IAA inhibits an enzyme specifically involved in sodium extrusion, or IAA in- 
hibits the trapping of the energy needed for the extrusion of sodium. 

The alternatives just outlined were resolved by a series of experiments. 
At first sight, it would seem that IAA could not act simply by inhibiting the 
supply of metabolic energy, because as Shaw and Simon showed, sodium ex- 
trusion was unaffected by 10-* m KCN. Nor was sodium extrusion greatly 


TABLE IV 


The Sodium and Potassium Contents of Muscles Following 30 Minutes at 25°C. in 
Sodium-Deficient Ringer’s Which Contained the Metabolic Inhibitor Indicated 





sn | Sodium (m.eq./kg. Potassium (m.eq./kg. 
Inhibitor muscle water) + s.z. | muscle water) + s.z. 





} 
None 
10-* uw IAA | 
10-3 w IAA; 10-* uw pyruvate | 
10-? w KCN | 


10-* w fluoroacetate 
10-8 w IAA; 10-* w pyruvate; 10-* wm KCN | 








affected by 10-* m fluoroacetate. It seemed that oxidative metabolism could 
be inhibited without affecting sodium transport, but apparently glycolysis 
could not. Even so, it is conceivable that IAA, by inhibiting glycolysis, also 
stops the production of pyruvate in the cell and thereby brings the Krebs’ 
cycle to a stop for lack of substrate. The result would be a complete shutdown 
of energy liberation in the cell. 

To test this hypothesis the muscles were exposed to both IAA and pyruvate 
(Table IV). The result shows that the addition of pyruvate broke the block pro- 
duced by IAA. And, as is also seen in the table, when KCN was added to the 
medium containing pyruvate and IAA the extrusion of sodium was strongly 
inhibited. 

From these results, it seems certain that a supply of metabolic energy is 
needed for sodium transport. But it is immaterial whether the energy is sup- 
plied by glycolysis (as was the case when KCN was present) or by aerobic 
oxidation (as when IAA and pyruvate were present). 


The Effect of Anticholinesterases on Metabolism 


Energy derived from metabolism is needed for sodium extrusion. This fact 
must now be considered side by side with the inhibition of sodium extrusion 
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by the anticholinesterases, because it has been suggested that the anticholin- 
esterases inhibit the trapping of metabolic energy within the cell. Just pos- 
sibly the effects of the anticholinesterases were due to their action on energy 
production. This interpretation seemed unlikely, in the case of frog muscle, be- 
cause the sartorii exposed to the anticholinesterases remained plastic; if the 
high energy phosphate reserves had been depleted the muscles should have 
gone into rigor. To settle this point definitely, assays were taken of the creatine 
phosphate titer of the muscle. 

The measurements, summarized in Table V, show that the creatine phos- 
phate titer of the muscles soaked in the saline decreased below the level found 
in the control muscles. Presumably, when put in the saline the muscle’s me- 
tabolism cannot keep pace with the demand for energy needed for ion trans- 
port and therefore some of the reserves of high energy phosphate are invested 


TABLE V 
The Percentage of the Total Muscle Phosphate in the Form of Creatine Phosphate 





Creatine phosphate/ 
No. of total Sheshets 3 100 
+ S.E. 


Treatments of the muscles muscles 





Soaked for 24% hrs. in Ringer’s 10 
Soaked for 2 hrs. in Ringer’s, 4 hr. in sodium-deficient 7 
saline 
Soaked for 2 hrs. in Ringer’s, 4 hr. in sodium-deficient 6 
saline containing 10-* u physostigmine 











to make good the deficit. But when 10-* physostigmine was added to the 
saline—a procedure that has been demonstrated to block sodium extrusion— 
the creatine phosphate stayed at almost the level found in the control muscles. 
In short, there is no indication that 10 physostigmine interferes with the en- 
ergy supply of the muscle. But physostigmine does block the fall in creatine 
phosphate which normally accompanies the extrusion of sodium. 


DISCUSSION 
Cholinesterase and Sodium Extrusion 


Excitable tissues are believed to have a mechanism which actively trans- 
ports sodium from the interior of the cell into the extracellular fluid. The out- 
come of this selective extrusion of sodium is an unequal distribution of ions 
across the cell membrane and the generation of the resting potential. For this 
reason, the discovery that exposure to the anticholinesterase HETP causes an 
eventual decrease in the resting potential, and a concurrent loss of potassium 
and gain of sodium by muscle fibers, at once drew attention to a possible re- 
lation between cholinesterase activity and the active extrusion of sodium. 

To test this idea, the technique of Shaw and Simon was used to prompt a 
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high rate of sodium extrusion by the muscle fibers. The understanding of these 
experiments can be promoted by calculating the initial intracellular sodium 
concentration in the fiber water (Nay...) by the use of the equation of 
Boyle et al. (1941): 


_ Na, — 0.125 Na. 
~ 1 — (dry weight/wet weight + 0.125) 





Nays .w. (1) 
in which Na, is the total sodium measured in the muscle (expressed as milli- 
equivalents per kilo wet weight) and Na, is the concentration of sodium in 
the external medium. By substituting the measured values in this equation, 
it can be seen that after 2 hours of soaking in Ringer’s the sodium in the 
muscle fibers was about 27 m.eq./kg. The muscles were then transferred 
to saline which contained half of the normal external concentration of sodium. 
If the interstitial fluid of the muscle had merely been replaced by the saline, 
without any change in the intracellular sodium concentration, the total muscle 
sodium would be expected to measure about 33 m.eq./kg. H,O; actually the 
muscles incubated for 1 hour in the saline contained about 19 m.eq./kg. H2O. In 
muscles incubated for the usual one half hour the value was about 22 m.eq./kg. 
H,O. From these figures it appears that during one half hour in saline the in- 
tracellular sodium concentration actually dropped from about 27 to 15 m.eq./kg. 
While the sodium in muscle fiber is falling from 27 to 15 m.eq./kg., the inter- 
stitial fluid contains about 56 m.eq./kg. of sodium. So it is clear that sodium 
is leaving the muscle fiber against a concentration gradient. These calculations 
show that the use of sodium-deficient saline furnishes a ready method for 
assessing the activity of the sodium extrusion mechanism. 

But chemicals which prevent the fall in sodium in muscles placed in the saline 
could act in either of two ways. The chemical could either inhibit the active 
extrusion of sodium, or could make the cell membrane more permeable to 
sodium, so that an increase in the rate of extrusion might be balanced by an 
increased diffusion of sodium into the cell. 

The available data seem to say that physostigmine acts by blocking extrusion 
rather than by increasing diffusion. In the untreated muscles placed in saline 
there was a fall in the store of creatine phosphate, presumably because some of 
the high energy phosphate stores were expended for sodium extrusion. On the 
other hand, there was no fall in the creatine phosphate of muscles placed in 
saline containing 10-* m physostigmine. Since the energy reserves remained 
whole in the physostigmine-treated muscles, it is hard to believe that these 
muscles were actively extruding sodium. 

The action of the anticholinesterases on sodium extrusion brought out sev- 
eral other interesting points. One of the anti-cholinesterases tested, prostigmine, 
did not affect sodium extrusion. The difference between prostigmine and the 
effective drugs, HETP and physostigmine, is already plain: prostigmine cannot 
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penetrate into the muscle fiber to inhibit the intracellular enzymes. If HETP 
and physostigmine do affect sodium transport by poisoning an enzyme, then 
the target enzyme must be inside the cell. 

The anticholinesterases which penetrate into the muscle fiber block active 
extrusion of sodium. But this does not prove that cholinesterase is the target 
inside the cell, because there probably is no perfectly specific enzyme inhibitor. 
It seemed quite possible that the anticholinesterases were inhibiting some 
enzyme or enzymes other than cholinesterase. This possibility seemed 
especially likely because it required high concentrations of the anticholines- 
terases to block extrusion of sodium; concentrations far in excess of those re- 
quired for the almost complete inhibition of cholinesterase in homogenates. 
But it would be a mistake to equate enzyme measurements on homogenates 
and on intact tissues. The presence of the cell membrane—as a molecular 
barrier—should not be ignored. This made necessary measurements of the 
effect of the anticholinesterases on the activity of the intracellular cholines- 
terase of intact muscles. The results show that high concentrations of anti- 
cholinesterases were also needed to inhibit the intracellular enzyme in the in- 
tact muscle. There was, in fact, a correlation between the concentrations of 
anticholinesterase which inhibited sodium transport and those which inhibited 
the intracellular enzyme. It would seem then that in the mechanism for sodium 
extrusion the intracellular cholinesterase is important. This point will be taken 
up again after the activity of the other parts of the cholinergic system in ion 
transport is assessed. 


The Cholinergic System and Sodium Transport 


If cholinesterase acts in the sodium extrusion mechanism, is there also a 
part for the other members of the cholinergic system? At the motor end plate, 
for example, the cholinergic system includes acetylcholine, the choline acetylase 
system for the synthesis of the transmitter, and an acetylcholine receptor 
molecule. A series of experiments was done to learn whether these other com- 
ponents of the cholinergic system were also involved in sodium transport. 

First consider the possibility that an acetylcholine receptor molecule, lo- 
cated within the muscle fiber, is needed for sodium extrusion. This possibility 
was tested by incubating muscles with agents which are known to combine 
with the receptor molecule and by then testing the ability of the treated muscles 
to extrude sodium. The drugs tested were curare, decamethonium, and atropine. 
All failed to affect sodium extrusion. Nevertheless, this result does not eliminate 
the chance that there is an acetylcholine receptor in the sodium extrusion mech- 
anism, because there is no assurance that the drugs actually penetrated into 
the fibers or, if they did penetrate, that they could combine with an intra- 
cellular receptor. In these experiments only a positive result could be mean- 
ingful; the negative result merely warns others not to waste their time. 





896 CHOLINESTERASE AND SODIUM TRANSPORT 


The evidence that an acetylcholine-like molecule participates in sodium 
extrusion is scarcely more substantial. The data clearly showed that in the 
muscles which were forced to extrude sodium at a rapid rate, there is a decrease 
in the titer of cholinergic material. This suggests that sodium extrusion is ac- 
companied by the turnover of a molecule resembling acetylcholine. 

The experiments designed to settle this point, by inhibiting choline acetylase, 
were hampered by the weakness and lack of specificity of the known inhibitors. 
The inhibitors tested—napthaquinone, a-ketoglutarate, and phenobarbital— 
all significantly lowered the titer of acetylcholine in the treated muscles. Only 
phenobarbital did not block sodium extrusion. Consequently, there is no reason 
to believe that the activity of choline acetylase is needed for sodium extrusion. 
On the other hand, it must be emphasized that all the treated muscles retained 
measurable titers of acetylcholine-like materials, either from a store built up 
before synthesis was blocked or because the block was incomplete. The 
results cannot be used to argue that acetylcholine is unnecessary for sodium 
extrusion. 

A further attempt to explore this question by the use of choline anti metab- 
olites showed that these agents also did not influence sodium extrusion. The 
failure of these agents to act is no more conclusive than the failure of the curare 
type compounds which were discussed above. 

In short, the experiments designed to clear up the role of members of the 
cholinergic system aside from cholinesterase do not offer clear-cut decisions. 
This failure is owing, in large measure, to our poverty of techniques for the 
study of these components. 


Metabolism and Sodium Extrusion 


The effects of metabolic inhibitors on sodium extrusion can, I think, be in- 
terpreted in a straight forward manner. A source of high energy phosphate 
bonds is needed for sodium extrusion. Seemingly the energy can be supplied 
by glycolysis alone, as was the case when cytochrome oxidase was inhibited 
by cyanide or when the Krebs’ cycle was inhibited by fluoroacetate. Or oxi- 
dative metabolism can serve by itself, when glycolysis is blocked with IAA, 
so long as pyruvate is supplied as a substrate for the Krebs’ cycle. It does not 
matter where the energy comes from. So long as it is provided, sodium ex- 
trusion will continue. 

It is also noteworthy that, under the conditions of the experiments, some of 
the energy stored as creatine phosphate was expended in sodium extrusion. 
Apparently in the sodium-deficient saline the metabolism of the cell cannot 
provide enough energy moment by moment, and the muscle must fall back on 
its metabolic reserves for some of the energy needed. 

The study of the metabolism of the muscles during sodium extrusion has 
also made clearer the action of anticholinesterases. It will be remembered that 





WILLIAM G. VAN DER KLOOT 897 


muscles poisoned with physostigmine had a high titer of creatine phosphate, 
which shows that the muscle’s energy-trapping mechanism was not poisoned 
by physostigmine. 


A General Mechanism for Sodium Transport 


As the Introduction emphasized, it is now a fairly commonplace observation 
that sodium transport is disrupted by cholinesterase inhibitors. In frog skin, 
for example, ion transport is irreversibly inhibited by TEPP and reversibly 
inhibited by physostigmine (Kirschner, 1953). Similarly, Koch (1953), in his 
experiments on crab gills, inhibited ion transport by a number of anticholin- 
esterases and also reversed the inhibition by TEPP by adding choline. There 
are two further points in Koch’s data which are valuable to keep in mind when 
considering frog muscle. First, only the cholinesterase on the outside of the gill 
is needed to transport ions to the inside. In muscle the cholinesterase on the 
inside of the fiber is needed to transport sodium to the outside. The gill then 
is just like a frog muscle turned inside out. And a second point from Koch’s 
study is that carbon dioxide inhibits ion transport in the crab gill. This obser- 
vation may be important for muscle physiologists who bubble 5 per cent carbon 
dioxide through the Ringer’s as a routine. 

The transport of sodium in the squid axon is also decreased by anticholin- 
esterases (Rothenberg, 1950). The concentration of anticholinesterase needed 
to produce this effect is close to the concentration required to totally inhibit 
the cholinesterase of intact nerves (Feld et al., 1948). 

This agreement on a relation between ion transport and cholinesterase is 
challenged by experiments on the red cell and on chicken brain. Though it is 
known that anticholinesterases affect ion transport by red cells (Holland and 
Grieg, 1950), both Taylor et al. (1952) and Thompson and Whittaker (1952) 
present evidence showing that anticholinesterase concentrations that can com- 
pletely inhibit cholinesterase do not inhibit ion transport. However, the meas- 
urements of cholinesterase were made on the extracellular enzyme. So the ev- 
idence showing that cholinesterase does not play a part in the transport of ions 
by red cells is scarcely overwhelming. 

This objection to the method of inhibiting and measuring cholinesterase 
does not apply to the results of Strickland and Thompson (1955) on the loss 
of potassium from chicken brain slices. They showed that the rate of potassium 
exit was sharply increased by high concentrations of anticholinesterases, but 
careful measurements suggested that lower inhibitor concentrations almost 
completely inhibited the intracellular cholinesterase. Still open is the question: 
is the loss of potassium at an exceedingly high rate from the brain slices a 
measure of the inhibition of the sodium transport mechanism? Or is some more 
drastic change in the properties of the cell membrane produced by the anti- 
cholinesterases? Note in connection with this, that the high rate of potassium 
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loss from the brain slices could be triggered by NU 1250, an analogue of pro- 
stigmine. Prostigmine, as was seen, was without effect on sodium extrusion by 
frog muscle. 

To conclude, the present experiments, added to the data of other investi- 
gators, show that anticholinesterases are inhibitors of sodium transport. Fur- 
ther experiments show that the concentration of anticholinesterase needed to 
block sodium extrusion is close to that needed to inhibit the intracellular cho- 
linesterase in the intact muscle. This conclusion may be questioned because of 
the technical difficulties in making a correlation between sodium extrusion and 
cholinesterase inhibition. Nevertheless, this question should not obscure the 
anticholinesterases’ potent, and perhaps universal, inhibition of sodium trans- 
port. Whether the anticholinesterases act by poisoning cholinesterase or by 
poisoning some closely related enzyme may be debated. But the action of 
anticholinesterases, we must keep in mind, is a clue to the biochemistry of 
sodium transport. It seems certain that sodium transport requires both a supply 
of metabolic energy and the activity of cholinesterase (or a closely related en- 
zyme). The energy and enzyme must be located on the side of the membrane 
from which the ion is transported. The fitting together of these pieces remains 
for the future. But there is now the fascinating possibility that cholinesterase 
is part of a cellular mechanism for ion regulation which, in the course of evo- 
lution, has been adapted to serve the even more complex needs of excitable 
tissues and of synaptic junctions. 
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ABSTRACT 


Cells of the red marine alga, Porphyra perforata, accumulate potassium and ex- 
clude sodium, chloride, and calcium. Various metabolic inhibitors including dinitro- 
phenol, anoxia, and p-chloromercuribenzoate partially abolish the cells’ ability to 
retain potassium and exclude sodium. Iodoacetate induces potassium loss only in 
the dark; reduced sulfur compounds offer protection against the effects of p-chloro- 
mercuribenzoate; dinitrophenol stimulates respiration at concentrations which 
cause potassium loss and sodium gain. 

Following exposure to anoxia potassium accumulation and sodium extrusion take 
place against concentration gradients. These movements are retarded by sodium 
cyanide, but are stimulated by light. 

Sodium entry, following long exposure to 0.6 mM sucrose, occurs rapidly with the 
concentration gradient, while potassium entry against the concentration gradient 
takes place slowly, and is prevented by cyanide. 


Porphyra perforata J.G. Agardh is a leafy red alga with blades only one cell 
in thickness. The individual cells, about 40 X 100 micra in size, lack a cen- 
tral vacuole and are embedded in a rubbery matrix consisting largely of galac- 
tan sulfate (1). There are no cytoplasmic connections between the cells as 
there are in higher red algae (2). The alga grows abundantly on rocks in the 
intertidal zone along the Pacific Coast. The simplicity of the plant and the 
ease with which it may be handled in the laboratory make Porphyra suitable 
material for permeability studies. 

Ulva lactuca, a green marine alga, has been recently studied with regard 
to its ability to regulate cellular sodium and potassium. A role of metabolism 
in this aspect of cellular homeostasis has been indicated (3). The present 
study attempts to determine (a) the ionic constitutents of Porphyra, (b) the 
ion concentration gradients which exist between the cells and sea water, and 
(c) whether Porphyra metabolically regulates its sodium and potassium con- 
tents as does Ulva. 
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t Present address: Department of Biology, University of Southern California, 
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Methods 


Discs were cut from the Porphyra thalli with cork borers of 2 to 3 cm. in diameter, 
avoiding the fruiting portions at the margins of the blades. The cut discs and col- 
lected plants were kept in running aerated sea water before use. 

Solutions of the various metabolic inhibitors were prepared in sea water and the 
pH was adjusted to 7.5 with HCl or NaOH. Sodium and potassium were determined 
by flame photometry, calcium (4) and amino acid nitrogen (5) by titrimetric meth- 
ods, and chloride by a modified colorimetric method (6). 

The algal tissues were prepared for analysis by (a) washing samples of three to 
five discs each (0.1 to 0.2 gm.) in 0.6 m sucrose for 2 minutes to free them of adher- 
ing sea water, (b) blotting each disc twice with tissue paper, (c) weighing (this weight 
is called the fresh weight), (d) digesting with concentrated nitric acid using heat, 
extracting with 5 per cent trichloracetic acid, or with boiling water and (e) making 
the resulting extracts up to volume. Flame photometry standards were prepared 
in trichloracetic acid when it was used for cation extraction. Boiling water was used 
for chloride and amino acid extraction. The analytical results are expressed as milli- 
equivalents per kilogram fresh weight (m.eq./kg. FW). 

All experiments were performed in the dark at an ambient room temperature 
(15-20°C.) unless otherwise indicated. 


RESULTS 


Justification of a 2 Minute Sucrose Dip.—Scott and Hayward (3) have 
shown that washing briefly in 0.6 m sucrose, followed by a triple blot with 
tissue paper removed the ions of sea water from the extracellular space in 


Ulva. This procedure has been successfully used for Porphyra with the sub- 
stitution of a 2 minute sucrose dip in place of a 30 to 60 second one, and a 
double blot rather than a triple blot. While 0.6 m sucrose is hypotonic to sea 
water its use as a rinsing medium may be justified. Estimates based on fresh 
weight changes indicate that cell volume increases only about 5 per cent due 
to water influx in passing from sea water to 0.6 m sucrose. It seems unlikely 
that this water influx would result in gross changes in permeability or trans- 
port. 

On exposure to sucrose solution the sodium content of Porphyra drops 
abruptly to a nearly constant value in less than 2 minutes (Fig. 1). There is 
little change in potassium during this time (a 24 hour exposure to the sucrose 
solution is required to remove half of the potassium of the discs). The ratio 
of potassium to sodium reaches a maximum at 2 minutes of washing, and 
thereafter falls slowly. Movements of chloride in this period are similar to 
those of sodium. 

The 2 minute dip seems satisfactory because it removes the salts of the 
adhering sea water without greatly altering the potassium content of the discs 
(the remaining potassium is probably cellular). Sodium and potassium con- 
tents, as described here, refer to amounts of ions present in the tissue follow- 
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ing the standard 2 minute sucrose dip (except in Fig. 1 in which various dip 
times are shown). 

Cell Ionic Constituents —The task of estimating cellular ion concentrations 
in Porphyra is complicated by the adsorption of sodium (40 m.eq./kg. FW) 
and calcium (10 mm/kg. FW) on extracellular materials with cation exchange 
properties (probably galactan sulfate) (1). These values are subtracted from 
the total sodium and calcium measured only in Table I, for comparison with 
other algae. 


m.eq./ kg. FW 














MINUTES 
Fic. 1. Variation of the sodium and potassium contents and the K/Na ratio of 


Porphyra perforata with time in 0.6 m sucrose. Units milliequivalents per kilogram 
fresh weight (m.eq./kg. FW). 


The osmotic volume of the Porphyra cells is estimated from the difference 
in sucrose apparent free space values for living (44 per cent) and killed discs 
(89 per cent), or 45 per cent of the thallus volume, on a fresh weight basis 
(7) (Table I). 

Considerable variability in tissue potassium and sodium among different 
samples is evident from the various graphs and tables. Potassium contents 
measured in over 100 samples during a 2 year period ranged from 110 to 300 
m.eq./kg. FW, while sodium contents varied between 38 and 110 m.eq./kg. 
FW. Variation in ion contents of samples taken from a given plant seldom 
exceeded 20 per cent, however. Much of the variability among different plants 
appears to be due to variation in the thickness of the blades. Thick discs 
(Table II), with greater fresh weight per unit area, show lower potassium, 
higher sodium, and greater sucrose apparent free space values than do thin 
discs of the same area. This observation supports the idea that most of the 
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sodium is bound in the extracellular mucilage while potassium predominates 
as the cellular cation in Porphyra. Actual cellular sodium contents are, how- 
ever, uncertain because cell volumes and extracellular bound sodium were 
not separately determined for each sample. 


TABLE I 
Cellular Ion Constituents of Porphyra, Ulva, and Several Coenocytic Marine Algae 





Alga Units | x | Ne Ca C1 | Source 


] 
| 





Valonia ventricosa M.ea./liter sap 35 608 (16) 
Valonia macrophysa M.eq./liter sap 500 90 iv 597 (17) 
Halicystis osterhoutii M.eq./liter sap 6.4 | 557 8 603 (18) 
Halicystis ovalis M.eq./liter sap 349* | 235* oo 600* (19) 
Ulva lactuca M.eq./kg. tissue 192 _ — (3) 
| water 
Porphyra perforata M.eq./liter cell 482 5if ot 81§ | Present 
volume : study 























* The original data were expressed as per cent total halide. Above values are based on 
an assumed halide content of 600. 

t Values corrected for amounts bound extracellularly. 

§ Other anions present include PQ,, 2.5, SO,, trace, NOs, 69 to 148 (20), free a-amino 
acid nitrogen, 81 m.eq./liter cell volume. Amino acids found before hydrolysis include cysteic 
acid, aspartic acid, glutamic acid, threonine, proline, phenylalanine, leucine, and isoleucine 
(21). 


TABLE II 
Sodium and Potassium Contents and Sucrose Apparent Free Space Values (AFS) of Thick 
and Thin Discs of Porphyra perforata 
K and Na in units m.eq./kg. FW. 





Plant No. 





Thin discs 201 
; 205 


187 
179 








Thick discs | 116 
| 144 








The average sum of the cell cations determined is about 0.53 m. This value 
is roughly that of the concentration of cations in sea water, but sodium is 
excluded from the cells by a factor of 10 while potassium is accumulated 
some 40 times that of sea water. 
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Including the free a-amino acids determined, only 0.23 to 0.31 m anions 
have been accounted for. The apparent anion deficit may represent negatively 
charged cytoplasm, as has been suggested for certain root cells (8). If so, a 
Donnan equilibrium may be involved in maintaining a high cell potassium 
content, although the ratios Cl,/Cl; (6 to 7) and K,/K, (40) are not equal. 


TABLE II 
Effects of Sodium Cyanide on Sodium and Potassium Contents of Porphyra perforata 
K and Na in units m.eq./kg. FW. 
24 hour exposures (dark). 





NaCN 
concentration 





m/liter 
Experiment 1 0 115 
133 
129 


132 
150 
137 


118 
118 
146 


139 
125 
157 140 





Experiment 2 200 
193 196 


166 , 
177 171 ‘ 90.0 




















Effects of Inhibitors on Potassium Retention and Sodium Exclusion 


(a) Cyanide.—Sodium cyanide effects a loss of potassium and a gain of 
sodium only at the highest concentration used (Table III). That the lack of 
cyanide inhibition was not due to its failure to enter the cells is suggested by 
its inhibition of potassium uptake and sodium extrusion following anoxia 
(see Table VI). 

(b) Sulfhydryl Inhibitors —Iodoacetate causes a marked loss of potassium 
in the dark, but no significant gain of sodium (Table IV). Light largely pre- 
vents this loss. Respiration is only partially inhibited by iodoacetate in the 
dark, which may account for the selective loss of potassium (if it is assumed 
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that the magnitude of the concentration gradients of potassium and sodium 
determines the extent of inhibition). Sodium arsenate and reduced sulfur 
compounds did not relieve the iodaoacetate-induced potassium loss. 

Sodium arsenite and p-chloromercuribenzoate (Table IV) cause potassium 
loss and sodium gain in both light and dark. Thioglycolate and reduced gluta- 
thione relieved the p-chloromercuribenzoate inhibition. 


TABLE IV 
Effects of Various Sulfhydryl Inhibitors on Sodium and Potassium Contents of Por phyra perforata 
Units milliequivalents per kilogram fresh weight (m.eq./kg. FW). 
+ values represent standard deviations from the means. 





Inhibitor Concentration Conditions 


A 





Iodoacetate Light and dark 
Light 
Dark 





Arsenite Light and dark 
(NaAsOz) Light and dark 





Light and dark 

p-chloromercuri- Dark 
benzoate Light and dark 
(PCMB) | 

PCMB plus thio-| 0.0001 m plus Dark 
glycollate 0.005 m 


ti | HH | 


PCMB plus glu- | 0.0005 m plus 
tathione 0.005 m 




















(c) Dinitrophenol.—Porphyra responds in a typical manner to dinitrophenol 
(DNP). Respiration is stimulated some 70 per cent at a DNP concentration 
of 0.1 mm which causes considerable loss of potassium and gain of sodium 
(Fig. 2). Oxidative-phosphorylating respiration is apparently required for 
potassium retention and sodium exclusion in Porphyra as well as in other tis- 
sues (9, 10). 

Effects of Light and Dark on Growth and Ion Retention.—Porphyra tissues 
kept in light or dark up to 17 days show no differences in sodium and potas- 
sium concentrations. Growth occurs only in the illuminated discs, however 
(Table V). It is important that ion retention and transport may be studied 
in the absence of growth simply by keeping the plants in the dark. 

Anoxia.—Under a nitrogen atmosphere in the dark Porphyra loses potas- 
sium and gains a smaller amount of sodium (Fig. 3). Exogenous glucose does 
not prevent the potassium loss and sodium gain, although in some cases an 
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increase in the acidity of the medium was noted, suggesting fermentation 
(probably by bacteria present and not by Porphyra). 


m.eq./ kg. FW 
% CONTROL 


K loss, Na gain 
RESPIRATION 





re r™ 


10 30 








DONP CONC. 


Fic. 2. Effects of dinitrophenol on sodium and potassium contents and rates of 
oxygen consumption of Porphyra perforata. DNP concentrations mM X 1075. 


TABLE V 


Sodium and Potassium Contents of Porphyra perforata Kept in the Light 
and Dark in Running Sea Water. Averages of Duplicates 





K Na 
Treatment | — 


Total "4 
m.eq./sample | M.eq./.kg. FW 





Total ; : bs 
m.eq./sample | M.eq./kg. FW 





| | 

Light : 138 
Light | 145 
Light 
Light 


135 
141 


Dark 
Dark 


159 
124 


| 
| 
Dark | | 152 








Potassium Accumulation and Sodium Extrusion after Anoxia.—The effects 
of anoxia are reversed by passing air through the medium; potassium uptake 
and sodium extrusion take place against concentration gradients for both 
ions (Table VI). Both processes are stimulated by light, although light is not 
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° 


a 


a 


K,No meq/kg FW 





i 4 


il. 
20 30 40 50 





HOURS 


Fic. 3. Potassium and sodium contents of Porphyra perforata during anoxia in 
the dark. Average values. 


TABLE VI 


Potassium and Sodium Contents of Porphyra perforata Following Prolonged Exposure to 
Anoxia 
Experiment in light, dark, and dark with 0.001 u NaCN. K and Na in units m.eq./kg. FW 
Treatment 





Average Na Average 





After 48 hrs.’ exposure to anoxia 


53.8 106 99 





After admitting air 


Light 3.75 hrs. 


6.5 hrs. 





Dark 3.75 hrs. 


6.5 hrs. 





Dark with NaCN 
6.5 hrs. 
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absolutely necessary. Preliminary results suggest that the light stimulation is 
due to the increased removal of carbon dioxide from the cells in the light. 
Samples in the light with CO--free air bubbling showed rates of uptake and 
extrusion identical to those in the light with air bubbling, but 5 per cent 
CO,-air completely inhibited transport in the dark. 

Although sodium cyanide (0.001 m) had little effect on retention and ex- 


clusion, potassium uptake and sodium extrusion are largely abolished (Ta- 
ble VI). 


250 


K, No meq/kg. FW 




















22 24 26 28 
HOURS 


Fic. 4. Leaching of potassium and sodium from Porphyra perforata during a 22 
hour exposure to 0.6 m sucrose and the subsequent accumulation of potassium and 
entry of sodium on returning the tissues to sea water. 0.001 m NaCN was added 
to the sea water in one series. Dark throughout. 





Potassium Accumulation and Sodium Entry after Sucrose Leaching.—Cell 
potassium and sodium are reduced to low values by long exposure to 0.6 m 
sucrose (Fig. 4). The sodium remaining after a few hours (a constant value) 
is due to extracellular adsorption and occurs in living and killed tissues alike. 

Samples leached in sucrose slowly accumulate potassium but show imme- 
diate increases in sodium on returning them to sea water (Fig. 4). Potassium 
entry, against the concentration gradient, is blocked by 0.001 m sodium cya- 
nide, but sodium entry, with the concentration gradient, is not inhibited. 


DISCUSSION 


Several features were noted which make Porphyra especially good material 
for permeability studies. Both maintenance and the formation of ion concen- 
tration gradients may be studied, and these studies may be undertaken in 
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the absence of growth by keeping the plants in the dark. The morphological 
simplicity of the plant; its monostromatic nature, the separation of vegeta- 
tive and fruiting cells on the blade, the large size of the cells, and their lack 
of a vacuole are also advantageous. 

Unlike terrestrial and fresh water plants and vacuolated, coenocytic marine 
algae, Porphyra cells exclude chloride and sodium while they selectively ac- 
cumulate potassium (see Table I). This situation may also exist in Ulva (3). 
The similarity in the distribution of ions and the concentration gradients 
maintained by Porphyra and many animal cells, such as nerve (11, 12), muscle 
(13, 14), and red blood cells (15) may be noteworthy. 

The reduction in magnitude of the ionic gradients of Porphyra by inhibitors 
suggests that metabolic energy is required for their maintenance. Both potas- 
sium retention and sodium exclusion are dependent upon the presence of 
oxygen and upon oxidative-phosphorylating respiration. Potassium accumu- 
lation following anoxia or sucrose leaching, and sodium extrusion following 
anoxia, are also metabolically mediated as indicated by cyanide inhibition 
and by light stimulation. 

Because of the possibility of a high non-diffusible cell anion content a Don- 
nan equilibrium cannot be completely ruled out as a mechanism for potassium 
retention. The differences in Cl,/CL; and K,/K, ratios, the lack of a one-to- 
one exchange of sodium for potassium during exposure to inhibitors, and the 
slow entry of potassium into low potassium cells do not support this suggestion, 
however. 

Clearly, either potassium accumulation or sodium extrusion takes place 
against both a concentration and a potential gradient (if one exists), and thus 
at least one of these ions may be actively transported. Active transport in 
Porphyra must be limited to entry or extrusion from the cytoplasm because 
no vacuoles are present. 

Separate effects of light in stimulating potassium and sodium transport in 
Ulva have been suggested (3): light promotes potassium retention via photo- 
synthesis, and promotes sodium exclusion via some more “direct reducing 
effect.” The latter has been cited as evidence for the operation of a redox 
mechanism of sodium transport. No direct reducing effects of light have been 
observed in cobalt (22) or in cesium (23) uptake by the red alga, Rhodymenia, 
however. Cesium uptake occurs in the light only if CO: is present, and cobalt 
uptake, mediated by light, apparently involves light alteration of cell CO: 
concentrations. Preliminary experiments indicate that the latter situation 
may also be involved in the light stimulation of potassium uptake and sodium 
extrusion, following anoxia, in Porphyra. Since no experiments were performed 
with Ulva to determine the role of carbon dioxide concentration in the light 
effects observed, the suggestion of a “direct reducing effect” of light may 
not be justified, considering the known inhibitory effects of high CO, concen- 
tration on ion accumulation (24). 
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A role of sulfhydryl groups in ion transport suggested by Lewin (25) for 
silicon incorporation in diatoms, and in hemolysis of red blood cells (26) is 
corroborated by the inhibitory effects of arsenite and p-chloromercuribenzoate 
on potassium retention and sodium exclusion in Porphyra, LeFevre’s sugges- 
tion (26) that a sulfhydryl-containing enzyme involved in phosphorylation 
may be inactivated by these inhibitors is given further importance by recent 
reports of low P/O ratios obtained in cell-free mitochondrial systems in the 
presence of sulfhydryl inhibitors (27). 


It is a pleasure to acknowledge the criticism and advice of Professor L. R. Blinks 
under whose direction the work was undertaken. 
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THE TOPOGRAPHY OF TIP GROWTH IN A PLANT CELL 
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ABSTRACT 


Tips of young Phycomyces sporangiophores were dusted with starch grains, and 
growth photographically recorded. Rates of longitudinal displacement from the cell 
tip of individual markers were determined, also corresponding rates of change of 
cell diameter. From these the magnitude and spatial distribution of “relative ele- 
mental growth rates’ along both longitudinal and circumferential axes of the cell 
were obtained. 


Growth rates in these two directions are functions of distance from the cell apex, 
and have different spatial distributions. In particular, rates of growth in cell circum- 
ference are complexly patterned. Relative elemental growth rates in length and in 
girth are approximately equal and maximal at the cell’s apex, with a value of 2.4 
mm. mm. hr.~. The characteristic shape of the tip is maintained constant in the 
face of its changing substance and position. This shape reflects a steady state of the 
cell’s constituent growth patterns. 

At every point the growing membrane simultaneously expands in the two dimen- 
sions of its surface. The degree of polarization or directional preference of growth 
is measured by the ratio of longitudinal to circumferential relative elemental growth 
rate at any point. The ratio is not constant, but changes with position along the tip. 
This fact does not support the idea that membrane growth is based upon a quantal 
“growth event.” Possible causal factors in oriented membrane growth are discussed. 


Many plant cells such as pollen tubes, root hairs, and fungus hyphae grow 
in area only at their distal tips, the rest of the cell envelope being fixed in area 
and configuration. The tip advances by the addition of new material, and at an 
equal rate older wall material is displaced from the tip and subtracted from 
the growing region. A single cell may thus maintain and actively propagate a 
terminal area of continuously growing membrane much as do multicellular 
organs like roots. The term “tip growth” is used here to describe this one 
mode of plant cell enlargement and implies nothing about the submicroscopic 
mechanisms of membrane growth. What establishes within a single cell this 
steady state of growth and maintains its characteristic spatial distribution is 
unknown. 

The conspicuous aspect of tip growth is cell elongation. But since the tip of 
cells growing in this manner is always rounded or pointed, lengthening of the 
913 
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cell is in all cases accompanied by increase in girth. In other words, the mem- 
brane in the growing zone enlarges in circumference as well as in the direction 
of the cell’s long axis. Moreover while a growing tip moves continuously for- 
ward (relative to the substrate) as a result of its own growth processes, its 
characteristic shape or profile remains very much the same. This means that 
both longitudinal and circumferential aspects of membrane growth are pat- 
terned in some stable, continuing, and essentially balanced fashion within the 
area of the growing tip. 

The present studies were primarily made to learn in detail the distribution 
of areal growth processes taking place in a growing tip, using the immature 
sporangiophores of Phycomyces. The large size of this multinucleate cell, its 
aerial habit, and the fact that the tapered growing tip may be as much as 2 
mm. long are favorable conditions. The findings bear on the presently obscure 
mechanics of membrane growth, and on the unsolved problem why so many 
plant cells assume and perpetuate a generally cylindrical form. 


Methods 


The growing tip of a sturdy young Phycomyces sporangiophore in the first 
stage of its development is commonly 1 to 2 mm. long, tapering from a smoothly 
rounded apex to reach a maximum diameter of 0.1 to 0.2 mm. at the base of 
the growing zone. Below this point there is no growth in area, the cell keeps an 
approximately cylindrical form with the diameter already attained, and the 
wall becomes visibly dotted with droplets of exudate. 


The method in these studies was simply to put numerous small markers on 
the growing region and to follow the positions of the markers as time passed, 
recording their positions by serial low power photomicrographs. On the photo- 
graphic negatives, the distances of identified markers from the cell tip could be 
measured and displacements per unit time determined; likewise, changes in 
cell diameter at the locus of a particular marker were measurable. 


Cultures of Phycomyces blakesleeanus (+ strain) in small glass vessels on 1% 
per cent potato agar were placed in a closed glass chamber saturated with water 
vapor and kept close to 26°C. in temperature. Vertically oriented growth of the 
juvenile sporangiophores was secured by dim white overhead light diffused into the 
chamber by its ground glass cover. The terminal few millimeters of a selected cell 
were photographed from the side, in profile, with a Leitz makam photomicrographic 
camera in a horizontal microscope. The objective was a microtessar lens of 32 mm. 
focal length, giving an enlargement of 27.3 times on the film. During the exposure the 
cell was briefly illuminated from behind by strong red light from a projection lamp, 
a Corning signal red filter, and a water filter. Eastman process panchromatic film 
was used for maximum contrast and sharpness of the cell’s profile. Consecutive pictures 
were easily obtained of a particular cell at regular intervals of 10 minutes or longer 
(Fig. 1). 

Starch grains (Baker’s soluble powdered starch) dusted or gently blown onto the 
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cell adhered and photographed. well, and unless present in great excess did not inter 


fere with growth. A cell ready for use was removed from its moist chamber, quickly 


dusted under red light, replaced in the chamber, and the first photograph taken 
The starch grains that chanced to fall on the growing tip and were visible as pro 
tuberances on the otherwise smooth cell profile were the markers used in this work 
Individual particles, or small individual groups of adhering grains, were usually 
clearly traceable from picture to picture. Since the marginal markers do not pass into 
eclipse it is clearly shown that this stage of the sporangiophore does not have spiral 
growth (cf. Castle, 1953). 

Relevant strips of the photographic negatives were mounted between glass slides 
Distances of particles from the tip apex were measured on the film with a vernier 
equipped mechanical stage on a low powered compound microscope. Measurements oi 
cell diameter on the film were made with an ocular micrometer scale. Since cell di 
ameter, length of growth zone, and rate of growth vary notably from cell to cell, no 
statistical treatment has been made. The analysis given below is based on informa 
tion obtained principally from the individual cell shown in Fig. 1; other cells studied 
confirm the growth pattern found for this one. 


RESULTS 


In the case of tip growth it seems probable from the outset that regions neat 
the extreme tip make a larger contribution to the cell’s total rate of elongation 
than do regions more remote from the tip; indeed at and below the end of the 
growing zone the contribution is zero. To find the magnitude and distribution 
of such local growth rates within the cell’s growing area is our present concern. 

The most appropriate frame of spatial reference for tip growth takes the tip 
apex as the origin of coordinates. By this means the growing tip is thought of 
as standing still in space, and all marked points on the tip appear to recede 
from this origin as time passes. In Fig. 1 are six consecutive pictures of a cell 
marked with starch grains. The photographs were taken at 15 minute inter- 
vals, and during each interval the cell actually elongated (upward) about 0.35 
mm. But in this composite figure the cell tips have all been adjusted to touch 
a single horizontal line, and it will be seen that the apparent movement during 
growth is a downward displacement of all the markers. It will further be noted 
that markers near the apex move away from the apex slowly, while those 
farther from the apex move away more rapidly. The increased rate of dis 
placement at greater distances shows that progressively more and more of the 
cell’s total elongation is occurring in the lengthening region between the apex 
and the marker. When any marker reaches the end of the growth zone, it has 
attained a constant limiting rate that is numerically equal to the whole cell’s 
rate of elongation. 

The chief information derived from the serial photographic records consists 
of (1) the rate of displacement of markers from the cell apex as a function of 
their distance from the apex, and (2) the rate of increase in cell diameter as 4 
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function of distance from the apex. From these the spatial distribution and 
magnitude of local growth rates, both longitudinal and circumferential, may 
be obtained. 

Longitudinal Growth—The cell shown in Fig. 1 had fifteen individually 
identified markers on its distal 2 mm. Let x be the distance of any marker, 
measured along the cell’s long axis, from the cell apex, and / the time between 
successive photographs. Then Ax/At, the displacement occurring in 15 minutes, 
is obtained by subtraction of measurements on two successive pictures. In 
Fig. 2 rates of displacement obtained from the first pair of photographs are 
plotted against positions on the tip; each point relates to a separate marker. 
The curve, fitted by eye, rises from a presumptive displacement rate of zero at 
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Fic. 2. Rate of displacement of markers plotted against distance from the cell 
tip. 


the extremity of the cell and reaches a limiting value at the end of the growth 
zone. As mentioned above, this limiting rate is equal to the whole cell’s rate of 
elongation. The total length of the zone contributing to the cell’s growth is 
the value of x when the constant limiting value of Ax/A/ is reached, about 1.8 
mm. in this case. That the total growth of the cell is by no means equally 
contributed to by equal lengths of the growing zone is shown by the fact that 
half the maximum rate of displacement of a marker is attained when it is only 
about 0.4 mm. from the apex, or roughly one-fifth the length of the growth 
zone; this distal one-fifth of the tip region contributes as much to the elonga- 
tion of the cell as the whole proximal four-fifths. 

The cell in Fig. 1 was elongating at a nearly steady rate of 1.4 mm. per hour, 
but an hour’s total growth consisted of the sum of local increments added along 
the whole length of the growing zone; moreover the local increment clearly 
varies with the position in the growth zone, being large near the tip and smaller 
near the base of the cell’s growing region. How shall we best express and com- 
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pare quantitatively the differing rates of membrane growth at different points 
on the cell? 

Several pertinent analyses of the distribution of growth rates in root tips 
have recently been made. Although a root tip is a complex of many cells vari- 
ously engaged in division and in extension, the methods and problems of these 
studies are similar to ours. Erickson and Sax (1956) have fully discussed the 
choice of terms and expressions for the comparison of growth rates, and have 
introduced the term “relative elemental growth rate.’’ Erickson’s fundamental 
analyses have been indispensable in the derivations to follow; the full mathe- 
matical details available in his papers will not be repeated here (cf. Erickson 
and Goddard, 1951; Erickson and Sax, 1956). 
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Fic. 3. Relative elemental longitudinal growth rate as a function of distance 
from the cell tip. 


Briefly, a relative elemental growth rate is the second derivative, with re- 
spect to position, of the time-displacement curve of a marker moving away 
from the root tip’s apex: d(dx/dt)dx, in which x is distance and ¢ time as above. 
It has the dimensions unit length per unit length per unit time; multiplied by 
100 it represents the percentage increase per unit time of an infinitely small 
length or section of the growing object. 

Goodwin and Avers (1956) have determined relative elemental growth rates 
for Phleum roots, and have clearly discussed methods for their experimental 
approximation. Measurements of growth are commonly made at finite inter- 
vals and the growth increments are, as in the present studies on Phycomyces, 
themselves finite. As a measure of relative elemental growth rate the expres- 
sion d(Ax/At)dx will therefore be used here to approximate the one given above 
in differential notation. For longitudinal growth its values are obtained by 
graphical differentiation of a rate of displacement curve (Ax/At plotted against 
x). Relative elemental growth rates may thus be determined by comparatively 
simple means for elongating systems known to maintain a substantially con- 
stant pattern of growth. 

Fig. 2 is a rate of displacement curve for markers plotted as a function of 
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distance from the cell tip. The slope of a tangent to this curve at any point 
yields a value for d(Ax/Ai)dx, the relative elemental growth rate at that dis- 
tance from the tip. Figures so obtained are plotted in Fig. 3, the ordinate being 
relative elemental growth rate expressed as millimeters per millimeter per 
hour. The curve depicts the detailed distribution of momentary longitudinal 
growth rates along the growing tip. 

Longitudinal growth of this cell is distributed highly asymmetrically. The 
rate is greatest at the extremity of the tip, if a slight extrapolation to a value 
of x = 0 is allowed. Certainly there is no evidence of a maximum rate displaced 
some distance from the tip, as is uniformly the case in multicellular roots. The 
growth rate falls smoothly as distance from the apex increases, reaching zero 
at a distance of about 1.8 mm.; this is the span of the growing zone of this 
cell. The half-maximum rate is reached at about 0.4 mm. from the cell tip, as 
was seen earlier. 

Growth in Girth—From measurements on the same photographs, the rate of 
change of cell diameter with increasing distance from the tip can be found. 
This is plotted in Fig. 4, AD/At being the increment in cell diameter in 15 
minutes, and « the distance from the tip as before. The relation is unexpectedly 
complex. At the extremity of the tip AD/A/ is high and only determinable by 
extrapolation. At the locus of the first marker (initially only 0.018 mm. from 
the cell tip) the rate is falling steeply, next it passes through a minimum when 
x is about 0.2 mm., then rises through a gradual maximum, and declines to- 
ward zero as the end of the growth zone is reached. The precision of the di- 
ameter measurements on which these figures are based is not great, but similar 
determinations on succeeding pairs of the serial photographs (and on other 
cells) confirm the relation shown in Fig. 4. When data from later pictures are 
used, the extreme left portion of the curve is not fully represented, since all 
the markers have by then progressed to greater distances from the cell’s apex. 

One meaning of the curve in Fig. 4 is that the cell’s diameter, and hence its 
circumference, is increasing at all points within the limits of the growing zone. 
Nowhere does the membrane grow solely by longitudinal extension; at every 
point it is expanding simultaneously along axes that are longitudinal and 
tangential (circumferential) with respect to the cell. This conclusion could 
perhaps be drawn from simple inspection of the tapered shape of the growing 
zone. But what is not at all apparent therefrom is the complex distribution, 
along the growth zone, of varying rates of circumferential growth, 

It is useful to express these changes in cell diameter as relative elemental 
growth rates of the cell’s circumference. At any distance from the cell apex 
the circumference is a circle that increases with increasing distance from the 
tip, until the limit is reached at the base of the growth zone. From the radial 
symmetry of the cell it may be assumed that, at a given axial distance from 
the tip, all portions of the circumference contribute equally to circumferential 
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growth. Then for any value of x the relative elemental growth rate of the 
circumference, C, will be approximated by AC/C/At, or simply AD/D/At. 
Therefore if each ordinate value of the curve in Fig. 4 is divided by the length 
of the cell diameter at that point, the corresponding relative elemental growth 
rate of the circumference is obtained. 

Such rates expressed as millimeters per millimeter per hour are plotted 
against distance from the tip in Fig. 5. The resulting curve is complex, like its 
parent in Fig. 4: the high growth rate near the apex falls steeply to a minimum 
at about 0.2 mm. from the tip, then rises to a plateau that drops off toward 
zero at the basal end of the growing zone. 

Comparison of Longitudinal and Circumferential Growth Rates ——Consider a 
small area of the growing membrane to be in surface view initially a minute 
square. After a time this square has moved to a position farther from the cell 
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Fic. 4. Rate of increase in cell diameter plotted against distance from the cel 
tip. 


tip, and while so doing it has enlarged in both its dimensions. Is it a square any 
longer, or is it a rectangle? And if the latter, which side of the rectangle is now 
longer? More generally, we would like to know the relative rates of growth in 
two dimensions of a very small area of the cell surface. 

We may recall that a relative elemental growth rate expresses the momen- 
tary rate of linear enlargement of an infinitely small length of the growing ob- 
ject. The curves of Fig. 3 and Fig. 5 present such rates of enlargement of the 
cell surface in two directions at right angles to each other, longitudinal and 
circumferential respectively. The ratio of longitudinal to circumferential growth 
rates for any point will be d(Ax/At)dx/AD/D/At. This is obtained for any 
value of x by reading the appropriate ordinate value from the curve of Fig. 3 
and dividing it by the corresponding ordinate value from the curve of Fig. 5. 
Resulting values of the ratio are plotted against x in Fig. 6. This curve shows 
the changing relation of longitudinal to circumferential growth rate at points 
along the growing zone. 

It will be seen that in the distal half of the growing tip longitudinal growth is 
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more rapid than circumferential. The ratio rises to a sharp peak at about 0.2 
mm. from the cell apex, reflecting the position of the minimum in the curve of 
Fig. 5. Farther from the apex the ratio lessens, and at distances beyond about 
1.0 mm. the ratio is numerically less than unity. This means that in the proxi- 
mal half of the growing zone growth of the membrane is relatively faster in 
circumference than longitudinally, though both rates have by then fallen to a 
small fraction of their values at the cell apex. 
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Fic. 5. Relative elemental growth rate in circumference as a function of distance 
from the cell tip. 
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Fic. 6. The ratio of longitudinal to circumferential relative elemental growth 


rate plotted against distance from the cell tip. Component values taken from Figs. 
3 and 5. 


The course of enlargement of a small unit area of the membrane is therefore 
complex. If, as above, we visualize this area as initially a small square close to 
the cell’s apex, it will first grow faster longitudinally and will become a rec- 
tangle whose greater dimension is along the cell’s long axis. Thereafter growth 
along both axes becomes slower, but the rectangle will pass through a final 
phase of relatively faster enlargement of its transverse axis, thus acting to re- 
duce the difference between the lengths of its sides. 
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The high rates of growth occur near the tip, and this is where longitudinal 
growth rates are specifically much greater than circumferential growth rates. 
Hence a small area of membrane passing the length of the growth zone will 
actually increase in length much more than it does in width. (This fact can be 
shown in a different way by following in a long series of photographs the 
spacing between two markers initially close together, and by measuring the 
average diameter associated with this segment of the cell in successive pic- 
tures. This procedure is an alternative method of approximately determining 
respective relative elemental growth rates; its use confirms the relations shown 
in Figs. 3 and 5.) We roughly estimate that a very small square of membrane 
considered initially near the cell apex will have increased in length about 9 
times and in width about 4 times in passing through the growth zone. 
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Fic. 7. Measured diameter of the tip at points along the growth zone. Data from 


measurements on all six photographs in Fig. 1. A, B, and C mark phases of the cell’s 
profile noted in the text. 


Shape of the Growing Tip.—The cell maintains nearly constant for hours its 
characteristically shaped tip, even in the face of continuous growth. Hence 
the tip’s form is not at all static, but is determined by the dynamics of its own 
growth. This shape may be termed the cell’s “standing profile,” emphasizing 
that it persists in form despite changing substance and position. Measurements 
of growth of the cell membrane in the two dimensions of its surface have been 
given above, and from these it should be possible to reconstruct this time- 
independent profile. 

To the eye the profile of the growing tip appears generally tapered (Fig. 1), 
but when examined in detail exhibits a subtle and characteristic configuration. 
Fig. 7 gives a plot of measurements of this cell’s diameter against distance 
from its apex; by relative exaggeration of the ordinate scale the figure brings 
out what may also be seen in a large scale drawing of the cell tip’s profile. 
There are three distinguishable phases in the plot of Fig. 7: 

Phase A.—From the cell’s apex to a distance about 0.2 mm. distant the 
diameter is rapidly increasing, but at a decreasing rate (per unit distance). 
Phase B.—For values of x from about 0.2 mm. to 1.0 mm. the diameter 
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is almost a linear function of x; this is the phase of “straight taper,” and 
this section of the cell is almost literally a truncated section of a cone. 

Phase C.—At greater distances than about 1.0 mm. from the apex the 
diameter again increases at a decreasing rate, and reaches its limiting maxi- 
mum value at or near the end of the growth zone. 

Thus the shape of the growing tip is by no means simply tapered, or bullet- 
shaped, or part of an ellipsoid of revolution. Its form is highly characteristic, 
and must be determined from point to point by the momentary rates of growth 
of the membrane in the two dimensions of the cell surface. Such rates are given 
by the curves of Figs. 3 and 5, and any singularities in these curves might be 
expected to be reflected in the cell’s shape. This is so. For instance, phase B 
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Fic. 8. Computed time courses of (1) longitudinal displacement of a marker 
(open circles, left-hand ordinate), and (2) growth of the cell diameter (solid circles, 
right ordinate). 


Fic. 9. Standing profile of the cell reconstructed from the data of Fig. 8 (see 
text). 














(the region of straight taper) begins at about the peculiar minimum in the 
curve of Fig. 5 and coincides with the broad maximum in that curve at dis- 
tances between 0.2 and 1.2 mm. from the tip. 

For a complete reconstruction of the cell profile we ideally need the full 
time course of a marker passing from near the cell apex to the marker’s exit 
from the growth zone, with simultaneous measurements of its position on the 
x-axis and the D-axis. This is experimentally difficult since a series of pictures 
taken over several hours would be required. But alternatively we may estimate 
x and D as functions of ¢ from the data represented in Figs. 2 and 4. This may 
be done by regarding Ax/At and AD/A/ as rough differentials, taking their 
reciprocals, and calculating values of ¢ for each value of x and D by numerical 
integration (cf. Erickson and Sax, 1956, p. 496). 

Fig. 8 shows the time course of longitudinal displacement of a single marker 
so computed, and also the form of the corresponding time curve for growth of 
the cell in diameter. (Differentiation of these curves would evidently again 
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yield the curves of Figs. 2 and 4 respectively.) These integral plots are very 
rough approximations, but they do permit a test of the idea that the growing 
tip is shaped by the respective growth rates of the membrane in the two 
dimensions of its surface. 

Thus from the two curves of Fig. 8 can be read off values of x and D that 
correspond in time. When time is in this way eliminated as a variable, D may 
be plotted against corresponding values of x and the resulting curve (Fig. 9) 
should approximate the cell’s standing profile shown in Fig. 7. This it does; 
in Fig. 9 the characteristic “phases” of the cell’s curvature are seen. While 
errors must have been compounded in these calculations, reconstruction of the 
cell tip’s peculiar shape shows that the shape is determined by, and derivable 
from, the longitudinal and circumferential growth rates of the membrane at 
every point. The argument is in a sense circular, but the author welcomes this 


homely evidence that the cell’s special shape is not easily lost in a mathematical 
shuffle. 


DISCUSSION 


Elongation of the cell tip of Phycomyces is the sum of a series of graded 
growth increments occurring along the whole length of the growing zone, the 
size of an increment being related to its distance from the cell’s apex. As here 
measured, there is no evidence that these increments occur discontinuously in 
either time or space. 

The absolute magnitude of the maximum growth rate occurring at the ex- 
tremity of the tip is noteworthy. By extrapolation of the curve in Fig. 3, a 
maximum relative elemental growth rate of at least 2.4 mm./mm./hr. is ob- 
tained. In other words the infinitely small terminal segment at the cell’s apex 
is increasing in length by 240 per cent per hour. This extremely high figure is 
believed to be the highest yet reported; it exceeds the maximum for the mature 
(spore-bearing) sporangiophore of Phycomyces calculated by Erickson and Sax 
(1956), which is significantly not a case of tip growth. Comparable values for 
roots given by these authors are even lower, and in the case of Nitella inter- 
node cells studied by Green (1954) maximum relative elemental growth rates 
are of the order of only 5 per cent per hour. It is possible that the apical re- 
gions of cells with tip growth may have the highest relative elemental rates of 
elongation known. 

We do not know what makes a high growth rate at one region of the cell 
and a lower one at another. We do know from Fig. 3 that relative rates of 
growth are distributed along the growing tip in an orderly way; also we know 
that the spatial pattern of distribution is maintained in the face of new growth 
and advance by the growing tip. Whatever the metabolic background may be 
for a graded distribution of local growth rates, tip growth seems characterized 
by an exceedingly high local concentration of intracellular “activity” at the 
cell’s apex. 
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It is striking that the tip’s growth in length is also at every point accom- 
panied by growth in girth. The cell as a whole might appear to be “‘polarized” 
or unidirectional in its growth, in so far as the net addition of wall per unit 
time is a cylindrical section of constant diameter displaced from the bottom of 
the growth zone. But the growth in area that forms this cylinder as an end- 
product is in reality taking place all along the growing tip, and a unit area of 
the tip’s membrane is everywhere increasing in both of the two dimensions of 
the cell surface. Thus the membrane is at any point directionally polarized in 
its surface growth only to the extent indicated by the ratio between its longi- 
tudinal and circumferential growth rates. As shown in Fig. 6, the ratio changes 
with distance from the tip. 

The highest value of this ratio is about 3.5, occurring at a point 0.2 mm. 
from the cell’s apex. At the apex itself, extrapolation of the respective curves 
in Figs. 3 and 5 suggests that relative elemental growth rates are equal in the 
two dimensions concerned, so that their ratio is unity. This: supposition is 
indicated in Fig. 6 by the dotted line extrapolating the curve to the ordinate 
axis. It is reasonably implied that at the very apex of the cell the membrane is 
growing without directional preference or restraint. At no other spot along the 
growing cell is this true, save where the curve of Fig. 6 passes through an 
ordinate value of 1 and directional preference thereafter shifts in favor of 
circumferential growth (at distances greater than 1 mm. from the tip). 

The growth of many plant cells is not restricted to the tip, but occurs over 
their entire area. One such case carefully studied by Green (1954) is Nitella, 
also a multinucleate cell that is subject to little or no constraint from its 
neighbors. Here the cylindrical internode cell elongates for days, and elonga- 
tion is invariably accompanied by increase in diameter. For a population of 
Nitella cells, Green and Chapman (1955) found that the ratio of relative 
elemental growth rate in length to that in circumference was reasonably con- 
stant and had a value of about 5. They suggest that this five-to-one ratio 
characterizes the directional aspects of a unitary submicroscopic “growth 
event” that is compounded in time and space to produce the cell’s manifest 
enlargement and the directional preference of its growth. 

If this inference is correct for Nitella it surely fails for tip growth in Phy- 
comyces. Fig. 6 shows that here the comparable growth ratio rises from a 
presumptive value of 1 at the cell apex to a maximum of 3.5 farther along the 
cell, then falls and actually becomes less than 1; such growth cannot be con- 
sidered unitary in any meaningful sense. Green and Chapman’s quantal 
growth event may be a valid mathematical abstraction rather than a physical 
reality. 

What does appear significant is that in the case of both of these cells, so 
radically different in their absolute rates and patterns of growth, enlargement 
of the cell membrane always occurs simultaneously along both longitudinal 
and circumferential axes, albeit preferentially. This fact has not been ade- 
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quately considered in speculations about the submicroscopic mechanisms of 
growth. Bidimensional enlargement of an area of growing membrane must 
relate intimately to the disposition and behavior of its contained microfibrils. 

We do not understand why plant cells so generally assume an approximately 
cylindrical form, except that we know they reach that form by growth. And 
the tubular shape, unlike the soap bubble, can only result from enlargement 
that is consistently wnequal in the two dimensions of the surface. The exact 
pattern and location of a cell’s growth seem not decisive: thus growth in both 
Nitella and Phycomyces generates a tube, although the former enlarges through- 
out its surface and the latter only at the tip. The common feature is the di- 
rectional preference in membrane growth. Whatever determines this preference 
must be some antecedent force, activity, or structure in the expanding wall. 
There are at present only two clear possibilities: (1) existing oriented wall struc- 
ture; (2) directionally unequal wall stress. It is well known that the walls of 
growing tubular cells are anisotropic, but it is not clear whether this is a cause 
or a consequence of directionally oriented growth. Similarly, it is recognized 
that in a cylindrical structure under internal pressure the circumferential wall 
stress is twice the longitudinal stress. Either of these two correlates might be 
causally secondary or irrelevant, but this is not proved. 

Florey (1956) has pointed out, in considering transitions between amor- 
phous and crystalline states of polymers, that stretching promotes crystalliza- 
tion and that crystallization in a polymer oriented by elongation diminishes 
the stress on it. Thus in model im vitro systems there is an interaction between 
oriented stress and the physical state of long polymer molecules. The in vivo 
site of formation and arrangement of crystalline microfibrils is the growing 
membrane. Heterogeneous as this membrane is, there can be small doubt that 
its mesh of polysaccharide microfibrils shares the tensile stresses on the wall. 
Since these stresses are directionally unequal (except in a cell that is growing 
as a sphere), it is possible that they participate in the origin of anisotropic 
structure and of anisometric expansion. It may be significant that among 
growing plant cell membranes statistically isotropic structure and the spherical 
shape are perhaps equally rare. 
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ABSTRACT 


Osmotic and diffusion permeabilities (P; and Pz) of invertebrate nerve fibers to 
tritiated water were measured to determine what water flux studies could reveal 
about “the nerve membrane” and to directly test the possibility of active transport 
of water into or out of invertebrate nerve fibers. P;/Pq ratios for lobster walking 
leg nerve fibers were found to be about 20 + 7 at 14°C. Pg measurements were made 
for squid giant axons at 25°C. and found to yield a value of 4 x 10~* cm. sec. 
When combined with the data of D. K. Hill for P;, a P;/Pg ratio of 21 + 5 is ob- 
tained. These P;/Pa ratios correspond to “effective pore radii” of about 16 + 4 
angstrom units, according to theories developed by Koefoed-Johnsen and Ussing 
and independently by Pappenheimer and his colleagues. Variations of water flux 
ratios with temperatures were studied and apparent activation energies calculated 
for both diffusion experiments and osmotic filtration experiments using the Arrhenius 
equation, and found to be close to 3 to 5 cal. per mole of water transferred. Cyanide 


*(5 X 10° molar) and iodoacetate (1 < 10~* molar) poisoned lobster leg nerve fibers 


showed no appreciable change in diffusion or osmotic filtration water effluxes. Cau- 
tion in interpreting these proposed channels as simple pores was emphasized, but 
the possibility that such channels exist and are related to ionic flow is not incom- 
patible with electrophysiological data. 


In view of current ideas about the role of sodium and potassium ions in 
nerve impulse conduction (Hodgkin and Huxley, 1952; Cole and Curtis, 1939; 
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Cole, 1955; Keynes, 1951) it becomes of interest to know whether aqueous 
channels may exist crossing “the nerve membrane” (Hodgkin and Keynes, 
1956). Another important question is whether “active transport of water” 
across cell membranes in general exists as claimed by some investigators 
(Robinson, 1953, 1954; Aebi, 1952). 

The following investigation was undertaken to determine what water flux 
studies could reveal about the ionic barrier at cell surfaces, particularly in 
relation to the present knowledge of the morphology of nerve membranes 
(Geren and Schmitt, 1954) and to investigate the possibility of active trans- 
port of water in invertebrate nerve. 


THEORY 


The theory relating the two kinds of water permeability to the existence or 
absence of aqueous channels across a membrane has been developed inde- 
pendently by two groups (Pappenheimer, Renkin, and Borrero, 1951; and 
Koefoed-Johnsen and Ussing, 1953). A comparison and demonstration of 
equivalence of these two formulations have been made (Durbin, Frank, and 
Solomon, 1956). Thus it has been shown that the two measurements, diffu- 
sion permeability, Pz, and filtration (or osmotic) permeability, P;, are dis- 
tinct measurements and that a comparison of their values gives useful in- 
formation concerning structure of the membrane involved. The following 
equation relates the effective pore radius, 7., of any aqueous channels to the 


P,/Pq ratio. This expression is equivalent essentially to the above mentioned 
formulations except that it differs in specifically showing independence from 
the membrane thickness (which cancels out, but was not eliminated in the 
Pappenheimer development): 





n= [Srl [Pry 
RT Pa 


in which Py is the solvent filtration permeability, Pz is the solvent diffusion 
permeability, D, 7, and V are the diffusion coefficient, the viscosity, and the 
molar volume of the solvent, while R is the gas constant and T is the ab- 
solute temperature. This reduces for water at 20°C to: 


P 
r, = 3.6 4/ — 1 angstrom units. 
d 


Since this formulation differs considerably from previously published equa- 
tions, the development is outlined in Appendix I. 

Methods and Materials 
A. LospsTER NERVE FIBERS: 


Specimens of Homarus americanus were obtained from a local wholesaler who 
collects them daily from fishermen along the shore. These lobsters had been kept 
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in fresh running sea water, were very active, apparently in good condition, and could 
be kept alive for several days in the cold room. However, each lobster was used for 
an experiment within a few hours after it was removed from the commercial lobster 
tanks. 

Dissection—After removal of the second or third protopodite from the cephalo- 
thorax, a moist cotton wad was placed at the site of removal to prevent hemolymph 
loss and to maintain the lobsters in good condition. This allowed removal of other 
protopodite in good condition from the same specimen. Each protopodite was carefully 
slit open along its edges, and the leg nerves exposed. The longest nerve that ex- 
tended to the exopodite was selected, gently cleaned, and the ends tied with waxed 
silk. Initially each nerve was tested for conduction by electrical stimulation with 
platinum electrodes in moist air. The propagated electrical impulse was amplified 
and observed on the oscillographic tube. However, this was later considered unneces- 
sary and was not done for most measurements of water fluxes as it was felt that the 
nerve fiber should not be exposed too long to air. The mere presence of an action 
potential does not prove that all the fibers are conducting, while on the other hand, 
a large stimulus to produce a maximal response, i.e. greater recruitment of fibers, 
could conceivably damage the fibers closest to the stimulating electrodes. Lobster 
nerves appear to maintain function longer the less they are kept in air. The length 
of each nerve (consisting of many fibers) was measured after the nerve was tied to 
long thin glass rods. The transfer from one solution to another could be completed 
in a second, so that the nerves were exposed to air for less than a second on each 
transfer. This was done at room temperature o: in a 15°C. constant temperature 
room. Artificial lobster plasma (ALP) is described in Appendix IT. 


Determining the Permeabilities in Lobster Nerve Fibers. — 


If one loads the lobster nerve with tritiated water (from HTO-artificial plasma 
solution) by equilibrating it for 5 or 10 minutes, one can then obtain an efflux 
curve in the following way. The “loaded” nerve fiber on its glass rod is dipped into 
artificial plasma solution for less than 1 second, then into a series of tubes each 
containing 2 ml. of artificial plasma solution. The exposure to each tube is carefully 
timed, the time of exposure varying from 10 seconds, initially, to several minutes, 
for the last exposure or “leaching.” Then the contents of each tube is assayed for 
its tritiated water concentration, as is the original loading (tritiated) solution.’ If 
the original concentration of tritiated water in the nerve is C;, and if equilibration 
with the loading HTO-artificial plasma solution has occurred, so that C; can be 
taken equal to the HTO concentration of this HTO-balanced salt solution, then 
each volume increment AV; (the volume increment of water that is represented by 
the tritiated water which has been leached from the nerve in time period #), can be 
determined; since for that period of time, when the ith tube sample has a concen- 
tration, C,, of tritiated water, the volume increment, AV;, can be found from 

AV, = CiVe2 
1 

‘Tritium assays were done using a modification of the Robinson tritiomethane 
method (Robinson, C.V., 1951) on the atomic instrument tritium assay unit. This 
method is consistently reproducible within 1 per cent standard deviation. 
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in which C, is the original artificial plasma solution’s concentration of tritiated water 
and V; is the volume of the sample. Then if the last exposure or “leaching process” 
was long enough to remove almost all of the tritiated water from the nerve, one can, 
working backwards, add up the increments of water. Thus the final increment repre- 
sents the tritiated water content remaining in the nerve at the beginning of the last 
sample period, the sum of this with the previous volume increment represents the 


METHOD OF OBTAINING 
HTO EFFLUX 
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Fic. 1. Volume of remaining tritiated water in nerve versus time, illustrating 
method of obtaining efflux curve. 


concentration of the tritiated water at the beginning of the next to last 
sample period, and so on, for the preceding periods. An example of this procedure 
is given in Fig. 1. 

The equivalent volume of tritiated water left in the nerve, i.e. the sum of the 
volume increments as tabulated, may then be plotted graphically. If one plots this 
as logarithm of the volume, V#, vs. time, one obtains a curve that appears to repre- 
sent a three compartment exchange; i.e., flux from two compartments into a third, 
much larger compartment. As can be seen from Fig. 2, this is represented quite well 
by the equation 

Ci = Cres! + Cees! 
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for the tritiated water concentration in the nerve, or the equivalent volume of water 
remaining in axoplasm at time ¢ is: 


Vi = V.e°%:* + V.e7 st 


Here Cz, Ce, Vz, Ve, a1, and a all represent constants, while as before the ¢ repre- 
sents time. 


EFFLUX CURVE FOR EXPERIMENT L 1 
NERVE D 


TOTAL HTO 


INTRACELLULAR 
HTO 


Vito REMAINING 








i 2 3 4 
TIME (MINUTES) 
Fic. 2. Logarithm of volume of remaining labelled water in nerve versus time 


after exposure to non-labelled water, showing method of extrapolating intracellular 
and extracellular components. 


The only probable interpretation of such a curve is to associate the faster decay 
of concentration of tritiated water with efflux from an extracellular space, V., whose 
time constant is a, and the slower decay with efflux from an intracellular space, 
V., whose time constant is dg. Actually this is an idealization of the solution present, 
since one is really dealing with efflux by diffusion from an irregularly interrupted 
and approximately cylindrical space, and by efflux across a barrier from many cellu- 
lar spaces. It is perhaps only by good fortune that all of the various cellular spaces 
have separate efflux constants which when summed up give a linear efflux. This will 
be discussed below, as will the exponential approximation for the extracellular efflux 
diffusion process. One can thus obtain from the graph values for a; and a; (the slopes 
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of the two segments), and the initial values V, and V, (by extrapolating back to zero 
time). This is indicated in Fig. 2. V. represents the intracellular volume and V, the 
extracellular volume. The initial efflux rate is a product of V, and a, and from this 
and the initial activity product for tritiated water, one can calculate the diffusion 
permeability, assuming for the moment, no net flux (i.e. efflux = influx). 


—Vaz _ —b ae 
An 544.5X%10% 2 54.5 X 107 


Pa 


Here 54.5 X 10™% represents the approximate activity of water (moles/cubic 
centimeter); i.e., 55.5 moles/liter less 2 X 0.510 moies/liter (the total ion concen- 
tration is 2 X 0.510 moles/liter). A», is the area of the axonal membrane in centi- 
meters, b is the mean radius of the axons in the multifibered nerve. To measure the 
influx is more difficult—but it can be done by loading the nerve for various lengths 
of time, and then very quickly after each loading, by starting an efflux series. From 
each efflux curve an initial value of V, can be obtained; and as in Figs. 4, 5, and 8 
are plotted to obtain an influx curve. When the latter is appropriately plotted, i.<. 
as the logarithm of (V.y — V-) vs. time one obtains a straight line, whose slope mul- 
tiplied by the final value of the intracellular space, V.s, gives the influx as in Fig. 
5. Then the net flux is, of course, the difference between the influx and the efflux. 
The osmotic fluxes have been obtained in a similar manner to that in which the 
above influxes and effluxes have been obtained, with the appropriate hyperosmotic 
or hypoosmotic solution outside the nerve at the correct times. This requires a sepa- 
rate efflux run, since the efflux curves for the influx extrapolation values are runs 
into isoosmotic solutions. 

Changes in the solutions for temperature effects and metabolic poison effects 
have been indicated in the results below. 


B. Sqguip Giant NERVE FIBERs; 


Material.—The species Loligo pealii was used and the giant axon dissected as 
described by Maxfield (1953) for the Massachusetts Institute of Technology squid 
giant axon studies, of which these investigations were a part. 

Method.—Several of the giant axons were cleaned of most connective tissue, others 
were left with considerable connective tissue as this did not appear to alter the cell 
permeability. Axons were tested for impulse conduction before and after the water 
flux measurements. The lengths and diameters were determined optically, and found 
not to change significantly during the exposure to isotonic balanced salt solution. 
To permit convenience of handling the axons were tied to fine glass rods with waxed 
nylon thread at either end, the ends being previously ligated to prevent extrusion 
of axoplasm. The axons were then handled like the previously described lobster leg 
nerves in determining effluxes of tritiated water. 

The method of calculating the water diffusion permeability from the slopes of the 
efflux curve is similar to that used for lobster leg fibers except that advantage was 
taken of the single axon, whose radius, 5, was measured. Since this is a cylinder 

2 To calculate P;/P4 ratios, b and A, need not be known, as they cancel out. To 
calculate an absolute Py and P,y, they are necessary. They may be obtained 
by counting the axons histologically and measuring the length and total Ve. 
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the V./A» ratio becomes half the radius, so that the formula for Pg becomes: 


—Vede — bag (0.693) 


P. = = = 
4 Anl(BCe) 2X S45 X 10%  (0.109)Ts 





in which Ty is the half-time for water diffusion across the cell membrane. 


TABLE I 





Experiment L-I. Water content of lobster nerve 








HTO HTO content 


| Water content 
equivalent volume 


Nerve weight | per cent weight 


mg. 


638 , 875 8 43.2 94. 
581,850 : 42.6 87. 
521,750 33. 38.0 87. 
(From below) 58. 66.2 87. 





4 
0 
6 
9 





61,876 3.95 Mean = 89.2 + 3.5 per cent 
62,917 4.01 
40,863 | 2.61 
125,735 5.69 





Experiment L-I. Efflux curve of HTO of lobster nerve 





C.P.M- increment AV; 





230,465 
196,095 
168,640 
119,315 | 
85,043 | 
68,867 | 
62,089 
87,518 
9 265,125 


Extrapolated extracellular volume = 20.5 yl. or 31 per cent 
Extrapolated intracellular volume = 37.7 ul. or 57 per cent 
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RESULTS 
A. WATER EXCHANGE IN LOBSTER WALKING LEG FIBERs: 


Experiment L-I. Water Content.—This was designed to show that an efflux 
curve could be obtained for lobster walking leg nerves, even though they are 
multifibered nerves. Table I gives the results of this experiment, shows that 
the total water content of the nerve represents 89.2 + 3.5 per cent for four 
different nerves. These assays were done by the isotope dilution method and 
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were performed immediately after dissecting the nerves from each protopodite. 
For the last nerve of this group an efflux curve was obtained by methods 
discussed above. As seen in Fig. 2, the intracellular volume extrapolates back 
to 57 per cent of the total weight, while the extracellular volume extrapolates 
back to 31 per cent of the weight. 


EXPT, L-11 EFFLUXES OF HTO 


O INITIAL EFFLUX 
O EFFLUX ONE HOUR LATER 


HTO VOLUME REMAINING IN NERVE (»1.) 








40 60 80 120 
TIME (SECONDS) 


Fic. 3. Constancy of efflux curves over a 1 hour period, squares illustrate initia 
values, circles values after 1 hour immersion of the lobster leg nerve in 
isotonic balanced salt solution. Note that there has been a slight increase of extra- 


cellular component but the intracellular volume and exchange rate are essentially 
constant. 


The intracellular half-time of 138 seconds is about twice as long as for most 
of the subsequent studies, but this nerve was about twice as large in diameter 
and probably consisted of larger individual fibers. The above figures are of- 
fered only to show that the total amount of water leached from the nerve 
must come from both extracellular and intracellular spaces of the nerve. 

Justification for associating the first part of the efflux with the extracellu- 
lar exchange is further seen in that the half-time is about 12 seconds. The 
solution for the cylindrical diffusion of a cylinder of water this size gives a 
half-time of about 10 seconds according to A. V. Hill’s cylindrical diffusion 
equation (1928). 

Experiment L-II. Constancy of the Intracellular Volume under Isotonic Con- 
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ditions.—The next step was to establish whether the intracellular volume re- 
mained constant over a period of time in “isotonic” artificial lobster plasma 
(ALP). This was done by doing two efflux measurements on the same nerve, 
the first immediately after loading for 10 minutes in the tritiated ALP solu- 
tion, the second 1 hour later. These results are illustrated in Fig. 3 which 
shows that the intracellular volumes remained constant while the extracellu- 
lar volume swelled. The intracellular exchange rates remained fairly con- 
stant as can be seen by the fact that the slopes are constant. 

From the slope, the initial efflux rate can be determined from the intra- 
cellular tritiated water, since 

dV, 


7 = —a,( Ve~*# 


and at ¢ = 0, this becomes 


dV, 


di = av. 


in which V;, is the amount of tritiated water left in the cell at time ¢, a, is the 
time constant (equal to the slope); V. is the intracellular volume of the nerve. 
Note that the slope, a2, is related to the half-time 4472, by the equation 


+ for influx 
+a2(}44T:) = in2 = (0.693) { \ 


— for efflux 


Experiment L-III. Isotonic Efflux and Influx of HTO in Lobster Leg Nerve. 
—One cannot get the influx curve for labelled water directly, but one can get 
this information indirectly by doing a series of efflux curves for different 
loading times. From such a series, by using the extrapolated values for intra- 
cellular HTO volumes, one can obtain an influx curve. Fig. 4 shows how the 
influx points are obtained for different loading times. If these data are plotted 
as the logarithm of (V.y — Vc) vs. time, one gets a straight line, (Fig. 5), 
whose slope is essentially the same as that for the influx. This indicates that 
the influx and efflux are equal (within the standard deviation). The half- 
time for influx is 62.5 + 2.5 seconds, as determined by the method of least 
squares for a straight line through these points. This compares to the mean 
half-time of the efflux curves, 61.2 + 1.0 seconds (+ s.D.). 

Experiment L-IV. Hypertonic Effiux and Influx of HTO in Lobster Leg 
Nerves.—One can obtain an efflux curve for hypertonic solution with relative 
ease, and this is illustrated for the same nerve, L-IV, effluxed into double 
strength ALP solution, after being loaded 7 minutes in tritium-labelled iso- 
tonic ALP solution. One notes that the half-time (Fig. 6) is now shorter (49 + 
4 seconds), when +4 seconds represents the limits of drawing an acceptable 
straight line through these points. This compares to the 61.2 + 1.0 (s.p.) for 
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the mean of the isotonic effluxes. The influxes are again obtained indirectly. 
The method of obtaining these influx points is depicted in Fig. 7. Figs. 8 and 
9 are plots of these influxes versus time. These charts of influxes from double 


40 


30 ISOTONIC HTO EFFLUXES FROM 
LOBSTER LEG NERVE FOR VARIOUS 
LOADING TIMES 
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EFFLUX TIME (MINUTES) 
Fic. 4. Isotonic HTO effluxes from lobster leg nerve for various loading times. 
The extrapolated intracellular HTO volumes are then plotted against loading time 
in the next figure to obtain an influx curve on a semilogarithmic scale. 


strength ALP solution show two changes which can be taken as indices of the 
decreased influx. 


First, the initial slope of the curve is less than that for the isotonic intake. 
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EXPERIMENT L-111 
LOBSTER LEG NERVE HTO EXCHANGE 
ISOTONIC HTO INFLUX CURVE 


INTRACELLULAR UPTAKE 
LOG (Vcf-Vct) VS. TIME 








' 


2 
TIME (MINUTES) 

Fic. 5. The logarithm of the difference between Vs, the final uptake intracellu- 
lar volume of labelled water, and V.:, the amount of labelled water taken up at any 
time, ¢, after initial exposure of a lobster leg nerve to tritiated (isotonic) salt solu- 
tion. The slope of this curve times the final volume, V.;, gives the initial rate of 
tritiated water entry, hence the total influx of water under isotonic conditions. 


This is a measure of the initial “hypertonic” influx, M ;, since from the pre- 
vious measurement of efflux into a hypertonic solution one can obtain the 
initial net flux from the cell into the surrounding hypertonic solution. 


A= M;—M, 


which here comes to be 


x (0.16 — 0.28) —0O.12pl./sec. 
he An 


This compares to the initial diffusion flux of 


aa Ves —0.22pl./sec. 
Am Am 


These then give a P;/P4 ratio: 








Py Aw: ACw 


Pa M-AC, 


Here Ay is the net | flux due to the osmotic gradient caused by the solute dif- 
ferences AC,; and M is the mean diffusion flux (here M = M; — M,) caused 
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EXPT, L-IV HTO EFFLUX FROM 
LOBSTER LEG NERVE INTO HYPERTONIC 
(2x) ALP SOLUTION, AND INTO ISOTONIC 
ALP SOLUTION, 


LOG Viz. VS. TIME 


ISOTONIC EFFLUX 


HTO VOLUME REMAINING IN NERVE ( pl.) 








0 1 2 3 4 5 6 
TIME (MINUTES) 
Fic. 6. A comparison of effluxes of labelled water from the same lobster leg nerve 
into isotonic and hypertonic artificial lobster plasma (ALP), a balanced salt solu- 
tion. Note small but significant difference of slopes, hence of effluxes. 


by the activity (concentration) difference of (labelled) water, AC,. Since 
AC, = 1.02 moles/liter (double strength ALP solution) then AC, = 55.5 — 
AC, = 54.5 moles/liter, and 


0.12(54.5) _ 
2 0.22(1.02) — 





ARNOLD H. NEVIS 


HTO EFFLUX AFTER 10 MINUTES 
LOADING IN 2X ALP SOLUTION 
(LOBSTER LEG NERVE EXPT. IV) 


DETAILS OF EXTRAPOLATION 


HTO VOLUME REMAINING IN NERVE (»#1!.) 








' 


3 
TIME (MINUTES) 


Fic. 7. Shows details of extrapolation of one intracellular volume used in obtain- 
ing one point on the influx curve of tritiated water, in this case from hypertonic 


(double concentration) artificial lobster plasma (ALP) solution of balanced salts 
after 10 minutes’ loading. 


Another estimate of the P;/P, ratio is available by observing the shape of 
the influx curve, which indicates a definite decrease of the intracellular volume 
with time. One can see this most clearly at the 4 and 10 minute determina- 
tions (Fig. 8), where the amount of tritiated water from double strength 
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solution is substantially lower than the amount from isotonic solution. Thus 
in this second method of determining the P;/P, ratio, one observes the value 
that the total HTO space reaches at 5 or 6 minutes of loading time. In the 
above case the intracellular volume of 11 (+ 0.2) wl. at 6 minutes compares 


ISOTONIC AND HYPERTONIC HTO 
INFLUXES FOR LOBSTER LEG 
NERVE (EXPERIMENT L-IV) 





ISOTONIC INFLUX 


fe 





INTRACELLULAR HTO UPTAKE (,1.) 


INTRACELLULAR HTO UPTAKE 
VS, TIME 








5 10 
TIME (MINUTES) 

Fic. 8. Influxes of labelled water into lobster leg nerves from isotonic and hyper- 
tonic balanced salt solutions. Each point is derived by obtaining an intracellular 
volume (as illustrated in Fig. 7) by extrapolation of an efflux curve after a specific 
loading time of exposure to tritiated water. 


with the final value of 10.3 (0.2). This places the half-time for the rate of 
total volume change at about 1 or 2 minutes. This follows because the volume 
decrease is between 85 to 95 per cent complete in 6 minutes. An exponential 
change (which this closely approximates*) is 87.5 per cent complete in three 
half-time periods, and 98 per cent complete in six half-time periods. We can 


* This is pointed out by D. K. Hill (1950). The complete equation for the change 
of volume as a function of time is given by Lucké (1940). 
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then get an estimate of our P;/P, ratio thus: 





Ps net osmotic flux ACw AV.a; [ ACw 
Pa diffusion flux AC, Vo@a 


AC, 


A more sophisticated way of showing that the P;/P, ratio lies in the vi- 
cinity of 25, is to compare the entire shape of the hypertonic influx curve for 
HTO, to those which have been calculated for various P;/P, ratios. The exact 
solution of such a series of equations is very difficult, but a close approxima- 
tion is derived in Appendix III, and the results of this plotted in Fig. 9 along 
with the data obtained from this first series of experiments. As can be seen, 
the data fall close to the P;/Pg ratio of 25. 


TABLE II 





Experiment Effective radius 





L-IV 
L-V 
L-VI 
L-VII 





(All at 14°C.) 








Experiments L-V, L-VI, and L-VII.—The above experimental determina- 
tion of a P;/P, ratio has been done with rather severe changes of osmotic 
concentration across the cell surface. For this reason the following series of 
experiments were done with osmotic concentration differences ranging from a 
15 to 60 per cent excess to a 20 per cent deficit of osmotic strength. When the 
osmotic differences are small, the first method of determining the P;/P, ratio 
(by the net flux) fails, because now one is working with a small difference be- 
tween two large values. However, the second method, that of determining 
the P,;/Pz ratios by observing the approximate half-time of the change of the 
total volume is still effective. The data from these experiments are summarized 
in Table II. The influx curves, thus determined (Figs. 10 to 12), show the 
changes in the intracellular volume when it is subjected to hypertonic or hypo- 
tonic solutions for various periods. From an estimate of the half-time of vol- 
ume decay, a P;/P, ratio can be obtained. These results for Experiments L-IV 
to L-VII are summarized in Table II. The P;/ Pz is about 20, which corresponds 
to a mean effective pore diameter of 14 angstrom units (+3 A s.D. range). 

Fig. 12 shows the effluxes into the hypotonic and hypertonic ALP solutions 
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(0.8 X and 1.2 X) of Experiment L-VII. This illustrates a small, but definite 
difference in the effluxes. However, Fig. 11 shows more strikingly the change in 
intracellular volume, hence a net flux. 

Experiment L-VIII. Change of Efflux Rate with Temperature.—Up to this 
point it has been assumed that the isotonic efflux represents a diffusion process. 
To further substantiate this, effluxes were determined for three different nerves 
in the following manner. First, each nerve was loaded with tritiated water 


HTO INTRACELLULAR UPTAKE FROM ISOTONIC 
AND HYPERTONIC SOLUTIONS EXPT. L-VI 





FROM ISOTONIC ALP 





FROM HYPERTONIC (1, 6x) ALP 
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Fic. 10. Intracellular tritiated water uptake by lobster leg nerve from isotonic 
and hypertonic (1.6 times isotonic) balanced salt solution. The dashed line shows 


approximate change in total intracellular volume versus time after exposure to hy- 
pertonic solution. 


previously equilibrated at 14°C. in HTO-ALP solution. Then, an isotonic efflux 
determination was done on the nerve at 14°C. (in the constant temperature 
room). Then, each nerve was transferred to tritiated ALP solution at room 
temperature (24.7°) and after 15 minutes’ equilibration, an isotonic efflux 
determination was done at this temperature. Then each nerve was again equi- 
librated (at 14°C.) and a third isotonic efflux determination was made. Finally, 
each nerve was loaded again at 14° with HTO-ALP, but effluxed into 1.5 X 
HTO-ALP. Thus, for each nerve four efflux series were performed, two at 
14° using isotonic ALP solution; one at 24.7° with isotonic solution; and a 
fourth at 14° with hypertonic solution. The last efflux curve for each was done 
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EXPERIMENT L-VIl LOBSTER LEG NERVE 
INTRACELLULAR HTO INFLUXES FROM 
HYPOTONIC (0.8 X ALP) AND HYPERTONIC 
(1,2 X ALP) SOLUTIONS, 

HTO VOLUME UPTAKE VS. TIME. 


INTRACELLULAR HTO UPTAKE 








a ‘ 


3 4 5 
TIME (MINUTES) 

Fic. 11. Lobster leg nerves: intracellular uptake of tritiated water from hyper- 
tonic (1.2 times isotonic) and hypotonic (0.8 times isotonic) balanced salt solutions. 
HTO uptake against time. Dashed line shows approximate intracellular volume 
versus time after exposure to hypertonic solution. 


EXPT, L-VII 
HTO EFFLUXES FROM LOBSTER LEG NERVE 
INTO 0,8X AND 1,20 X ALP SOLUTIONS 


HYPOTONIC EFFLUX 
.8 X ALP 


HYPERTONIC 
EFFLUX 
1,2X ALP 


uo 
1 


HTO VOLUME REMAINING IN NERVE (y1.) 


wo 
1 





' t ' 1 
40 60 90 120 
TIME (SECONDS) 





Fic. 12. Tritiated water effluxes from lobster leg nerves into hypertonic and hy- 
potonic balanced salt solutions. There is a slight but significant difference in the 
slopes of the two intracellular efflux curves. There has been a slight swelling of the 
extracellular (connective tissue) space. 


944 
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as a quick screening test for the possibility of a gross change in the filtration 
permeability. Actually, as seen in Fig. 13, there was little change for permeabil- 
ity whether under isotonic or hypertonic conditions. The effective temperature 
coefficient for each nerve is listed in Table III. The mean ratio for the isotonic 


EXPT, L-VII 


HTO EFFLUXES AT 14,7° C.AND 25° C. 


ISOTONIC EFFLUX 14, 7° 
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ISOTONIC EFFLUX 14,7° C. 


(2X) HYPERTONIC 
EFFLUX 14,7° 


; 
: 
a 
: 
& 
Oo 
: 
: 
a 
: 
: 
e 








7 Li ' Li ' 
10s 30s 60s 90s 2m 3m 
TIME (SECONDS AND MINUTES) 


Fic. 13. Effects of temperature on the isotonic and hypertonic effluxes of labelled 
water from lobster leg nerves. 


efflux rates at 14 and 24.7° is 1.10 + 0.05 for the six determinations. This 
corresponds to an apparent activation energy of 2.5 kcal. and is consistent with 
a physical process such as diffusion. 

Experiment L-IX. Effiuxes in Poisoned Lobster Leg Nerves.—These experi- 
ments were designed to test for any gross change in efflux rates in nerves ex- 
posed to metabolic poisons. Five nerves were studied in this experiment; two 
were exposed for 1 hour to a tritiated ALP solution to which had been added 
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5 millimoles per liter of NaCN. One nerve was exposed for 1 hour to tritiated 
ALP solution containing 1 millimole per liter of iodoacetate. Two nerves were 
used as controls and were exposed to plain tritiated ALP solution for 1 hour. 
Each nerve was effluxed into isotonic ALP solution containing NaCN, or iodo- 


TABLE III 
Experiment L-VIII 
Ratio of Efflux at 14.7 and 25°C. 








| 








1.10 + 0.05 





Apparent activation energy = 2.5 kcal. 





TABLE IV 





Operation Intracellular space 





ul. 
Control—isotonic ALP 23.5 
Control—hypertonic ALP 23.5 


NaCN— isotonic ALP 
NaCN—hypertonic ALP 





Control—isotonic ALP 
Control—hypertonic ALP 


NaCN— isotonic ALP 
NaCN—hypertonic ALP 58 








IAA—isotonic ALP 75 
IAA—hypertonic ALP 75 





acetate, or no added poison. Then each nerve was again loaded and then 
effluxed into hypertonic (1.5 X) ALP solution to screen for any gross change of 
effluxes into hypertonic solutions. 

These results are summarized in Table IV and Fig. 14. One can see that 
there is no significant change in the efflux rates (slopes). In each case there is 
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evident a slight increase in the efflux rate into hypertonic ALP solution, but 
no significantly greater amount in the poisoned nerves than in the controls. 


B. Sqguip GIANT AxON WATER FLUXEs: 


Efflux curves were obtained for squid giant axons as illustrated in Figs. 15 
and 16. The data for tritiated water effluxes from squid giant axons are sum- 
marized in Table V. The total water volume was calculated in each case by the 
isotopic dilution method. From the curves an estimate of the total intraaxonal 
water was obtained. In Table VI each is compared to the volume as deter- 
mined by optical measurements of the axonal diameter and length. One can 
see that in each case the volumes are within 10 per cent of each other. Actually 
the optical measurements of diameter were difficult to obtain accurately. 
In these measurements an average of 10 determinations for each axon has 
been made with a standard deviation of about 5 per cent. Again if one examines 
the efflux curve plotted as the log of remaining isotopic water against time, 
one sees a typical curve for a three compartment system, in which one, the 
outside compartment, is much larger than the other two compartments. One 
can break this log plot curve into two linear portions representative of two ex- 
change rates, one slow process between the axonal water and the connective 
tissue, and one faster process of exchange between the connective tissue and the 
surrounding isotonic solution. Varying amounts of connective tissue were left 
around the nerve, hence the variation in the relative amount of extraaxonal 
tissue space as in Figs. 15 and 16. From the slopes a, and a of these two com- 
ponents one can obtain the half-times T, and 7;. Since for any exponential 


_ 0.693 


ad = Ta 
Thus we have as before 
V, = Viet + Vie,! 


in which V; represents the total labelled water at time ¢ in both compartments; 
V, represents that water initially present in the connective tissue compartment; 
and V, represents that water initially present inside the axonal compartment.‘ 


P; a AV(ACy): Ta 
Pa Vi(AC,)T; 


We can calculate P;/Pz from published data for P; obtained by D. K. Hill 
(1950) and from the half-time of filtration for a 400 uw diameter fiber and from 


‘This first exponential term represents an approximation to the cylindrical dif- 
fusion equation as developed by A. V. Hill (1928) in terms of Bessel functions. 
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SQUID GAINT AXON 


LOG OF REMAINING HTO FRACTION 
VS, EFFLUX TIME 


. 
LS) 
i 


*e 
Ty = 30.5 SEC, 


REMAINING HTO FRACTION 











' ' 
90 120 
EFFLUX TIME (SECONDS) 
Fic. 15. Efflux curve of labelled water from single giant axon of squid into iso- 


tonic balanced salt solution. The first portion represents diffusion from the connec- 


tive tissue adherent to the single axon. The second linear portion represents the 
efflux from the axon itself. 
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NERVE NO. VII 
SQUID GAINT AXON 


LOG OF REMAINING HTO FRACTION 
VS, EFFLUX TIME 


Tits 54 SEC, 


REMAINING HTO FRACTION 








60 90 120 150 180 
EFFLUX TIME (SECONDS) 
Fic. 16. Similar to Fig. 15, but from another squid axon. Note the slope of the 
axon labelled water efflux is a function of the diameter, hence in this larger axon 
the value of 7;' is greater than in the former example. 








Measured 





Diameter 


Length 


| Dilu- | 
tion | 
| intra- | Pa x 
| cellular | 
volume | 





1 of 6/21 


II 
2 of 6/21 


III 
1 of 6/27 


IV 
2 of 6/27 


V 
3 of 6/27 


VI 
1 of 8/20 


Via 
2 of 8/20 


VII 
3 of 8/20 








43 


65 


70 

















cm. 
sec. 


5.3 | 3.9 


4.3 


2.5 











TABLE VI 
0(0.693) 1 b 
(0.109) T 863©°6hT™ 
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b’ 
Dilution 
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SSSSSSae 
90 00 00 00 gn 00 m oe 
SRAGESRS 














0.197 
0.212 
0.206 
0.233 
0.174 
0.229 
0.225 
0.195 








TABLE VII 





No. of nerve 








(4) 

(1) 

(3) 
4H = 6.6 kcal. 
4H = 4.3 kcal. 





2.5 + 0.15 
3.4 
4.8+ 1.1 
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the half-time of diffusion 36 seconds, for a 400 uw axon calculated from the 
measured diffusion permeability one can then obtain a value of P;/Pg, thus, 


0.15 
0.8 (=) (54.5 moles) 36 sec. 





~ (15) X 1.02 moles/liter) 66 sec. 7 
This will then give a value for P;/P4 of 21 + 5 (+s.£.) which corresponds to an 
effective pore radius of 16 + 3 (+s.£.) angstrom since: 


re = 3.64 ta 
Pa 


One should emphasize that this is an effective pore radius! 

As indicated in Table VII the variations of fluxes with temperature give an 
apparent energy of activation for tritium efflux of about 5 kcal. per mole of 
water crossing the cell membrane. 


DISCUSSION 


These findings indicate that water molecules move into the axoplasm through 
small aqueous channeis in the surface structure of the fiber, rather than by 
diffusing through the non-aqueous (lipide) barrier. 

The effective pore radius obtained from this ratio is of interest. It is quite 
evident that this is a statistical value based on many assumptions, such as 
Poiseuille’s law, the isoporosity (i.e. equal size pores) of the membrane, and the 
extrapolation of intracellular volumes from efflux curves. The validity of as- 
suming laminar or quasilaminar flow (Poiseuille’s law) has been reviewed by 
Mauro (1957). 

The question of isoporosity is an important one. A few large pores mixed 
with many small pores could explain the above findings. At present only an 
indirect defense of this point is possible. Thus, if a few large pores were present 
then it would be difficult to imagine how sodium and potassium conductances 
are kept as low as they are. 

The extrapolation of the efflux curves to obtain the intracellular volumes of 
water uptake at various loading times, appears to be justified on the basis of 
the constancy of the findings; i.e., that under isotonic conditions the influx so 
calculated equals the efflux. The constancy of the slope is also evidence that 
this is a justifiable method. This constancy of the efflux rate over five or six 
half-life periods implies either that the major contribution of intracellular 
water space is from fibers of approximately equal size, or that the smaller 
nerve fibers have fewer pores per unit area. When these lobster nerve experi 
ments with HTO exchange were started, this was an unexpected finding. What- 
ever the mechanism for this constant intracellular volume efflux, it appears 
to be useful in determining the relative diffusion and filtration possibilities. 
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HTO As an Index of HO Fluxes 


Wang, Robinson, and Edelemann (1953) have determined the free self- 
diffusion coefficient for water, D,, by using water labelled with deuterium, or 
tritium, or Os, and found good agreement for the values over the entire range 
of temperature tested (5 to 45°). 

The fact that over 80 per cent of the actual volume of either lobster leg nerves 
or squid giant nerve fibers is accessible for the tritium-labelled water indicates 
that the measurements made actually do reflect an intracellular-extracellular 
transfer of labelled water. 


Significance of Proposed Channels 


The evidence for the existence of these aqueous channels raises important 
questions concerning the possibilities of these channels being related to sodium 
and potassium conductances. However, speculation concerning these possible 
roles should be limited until further evidence is obtained to indicate that these 
channels do play a role in ionic conduction. For a discussion of the significance 
of aqueous channels in ionic conductance in artificial membranes, one may refer 
to Sollner (1955) and Grim and Sollner (1957). Teorell (1955) reports that a 
porous glass membrane is able to show rhythmic changes in impedance and 
water fluxes, with a net accumulation of ions. 

These proposed channels could well account for the electric conductance of 
nerves. From the measurements of Cole (1955) the conductivity could well be 
explained through these channels, even if the conductivity of the aqueous con- 
tents was about 10~“&2-'cm.— (for a 400 A barrier). This compares to a value 
of 10-°*2-'cm.— for 0.01 n KCl at 20°C., 30Q2-'cm.— for sea water, and 10-* 
cm. for pure distilled water. This means that the proposed aqueous 
channels could account for the resting electrical conductance even if fixed 
charges greatly retarded the ions of sea water or axoplasm. Thus it is conceiv- 
able that these channels are the sites of permeability changes. The idea must 
await further experimental facts to verify the existence of these channels, 
and to demonstrate their role in cell function. 

This concept of aqueous channels is, of course, not of recent origin but was 
suggested long before (Michaelis, 1925; Collander, 1937) as a modification of 
Overton’s older lipide theory (1902) of cell permeability (as a lipide solubility 
phenomenon). One cannot accept a static picture of the cell membrane, so 
that one would expect “pores,” if they exist as such, to be sensitive to many 
factors; possibly even to represent enzyme-controlled and controlling systems. 
In the case of the frog skin, Ussing finds that these effective pore radii are in- 
creased by neurohypophyseal extract at the same time that there is a specific 
increase in the Na flux. These relations need more investigation. 

For the present it is impossible to say exactly with which of the surface struc- 
tures of the axon these porous properties are associated. One can estimate the 
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range of possibilities of the lateral (square) spacing for various possible thick- 
nesses of “the membrane.” There are three possibilities, (a) single axonal mem- 
brane of approximately 100 A, (b) a composite of several double lipide 
membranes totalling about 400 A, (c) a maximum of the thickness of the 
Schwann-like syncytium of 1 micron. For each of these the corresponding 
thickness, AX, a square array spacing distance / may be computed since 


(See Appendix I) 


Thus we have the possibilities shown in Table VIII. 


TABLE VIII 





Square spacing 








4 
100 A 5600 
400 A 2800 
ly 560 





It appears likely that water would have to cross each of the barriers in the 
squid axon surface as revealed by electron microscopy (Geren and Schmitt, 
1954), and that this would then give the second, or approximately 2800 A 
square array estimate. 

Again this is only an effective spacing to point up that these relatively high 
P,/Pa values suggest that “the membrane” behaves as if it had a relatively 
few pores open at any one time. 

It is not surprising that there are relatively few (A,/Am = 10-*) aqueous 
channels to account for permeability of the cell membrane to non-lipide- 
soluble molecules. The lipide-soluble gas molecules of oxygen and carbon 
dioxide need to be transported quickly, while on the other hand there is a 
necessity to regulate the gain and loss of the water-soluble molecules and ions, 
within close limits. 


Active Transport of Water 


The ratio of effluxes at 15 and 25° is 1.10 + 0.5, i.e. the efflux has an appar- 
ent activation energy near 2.5 kcal. per mole of water, which suggests a phys- 
ical process such as diffusion or viscosity. This also indicates that if there is any 
active transport of water into or out of an invertebrate nerve fiber, it is very 
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small in comparison to the exchange by diffusion. Furthermore, the facts that: 
(1) the net flux of water is zero, for isotonic balanced salt solution (within the 
limits of error of the method) and (2) that the prolonged exposure to metabolic 
poisons (IAA and KCN) did not appreciably alter efflux rates into either iso- 
tonic or hypertonic solutions above those of the controls, are at least an indica- 
tion that metabolic activities are not directly involved with the major portion 
of exchange. On the other hand, net fluxes were not determined in these poi- 
soned nerves, so one cannot definitely exclude the possibility of some small 
active transport of water. However, this appears unlikely in view of the rela- 
tively large, purely passive diffusion fluxes. 


Measurement of P;/ Pain Free Cells and Other Tissue 


Filtration to diffusion permeability ratios have been made for certain eggs 
and ameba and give values over a range which includes the values as determined 
for lobster and squid axons (Prescott and Zeuthen, 1953; Prescott, 1955). 


Symbols and Definitions Used in Text and Appendices 


= artificial lobster plasma (balanced salt solution). 
= area of axonal membrane. 
= total area of any pores (= mmr’). 
= time constants of exchange for extracellular and intracellular water 
respectively. 
= mean radius of axon. 
= “concentration” of labelled water in total nerve, extracellular space, 
and intracellular space respectively. 
original, artificial plasma solution concentration of tritiated water 
inside axon after “loading.” 
self-diffusion coefficient of water. 
= tritium-labelled water. 
= lateral spacing of assumed square array of equivalent pores in axonal 
membrane. 
= mean net flux caused by diffusion. 
= unidirectional fluxes; i.c., amount per area per time of water into 
and out of axon respectively. 
number of pores per area A,, (in Appendix III, is equal to twice 
P;/Pa). 
filtration or diffusion permeability of membrane to solvent (water). 
= gas constant. 
equivalent pore radius. 
absolute temperature. 
= half-times for diffusion and filtration water exchanges across the 
axonal membrane. 
= half-times for extracellular and intracellular water exchanges. (Oc- 
casionally denoted *7}, or '7:). 
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molar volume of water. 
equivalent volume of total, extracellular, or intracellular water la- 
belled with HTO. 
= viscosity of water. 
increment of water in ith time increment. 
net flux in contrast to unidirectional fluxes. 
difference in water or solute activity (concentration) across the mem- 
brane (very closely equal to each other in the case of osmotic fil- 
tration). 
= net flux of water due to diffusion or filtration, respectively. 
thickness of membrane barrier. 
= effective hydrostatic pressure due to osmotic difference. 


APPENDIX I 


Given the following equations: 


a ? 
(a) A,»AWa — DeAp — Ar (Fick’s law) 


(b) AwAWa — PsAwAC. (Biological diffusion law) 


mrt AP 
(c) AAW; SV. AX’ (Poiseuille’s law) 


(d) AwAWy = P;AnAC, (biological filtration law) 
(P’ includes diffusion if any, while P; excludes diffusion) 


(e) but AP = (AC,) RT (Van’t Hoff’s law for osmotic pressure) 
equating (c) and (d) and solving for r? 
_ 8nwVw AmAX ., 
~ _ =— 
for (a) and (5) 


. De 
"ax = — 
A» Pa 


r= 4/ Dake 8DeneV« 4/2 = 


8DnV 
a 


_ 8DuneVe 
RT 


The value of y: 
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is computed from values of we os given by Wang ef al. (1953) and the values of 


V.,. computed from density table (Handbook of Chemistry and Physics, 34th edition) 
and value of R = 8.3144 xX 107” ergs®/c from the same handbook. These give for 
the range 5 to 45°, y = 3.60 + 0.04 angstroms. 


APPENDIX II 
Artificial lobster plasma is made from the following formula modified after Prosser 
et al. (1950). 


Amount, gm./1000 cc. solution 
NaCl 27.58 
KCl 1.12 
CaCl, 1.67 


MgCl,-6H:0 0.82 
MgSQ, 0.482 
Buffer: 17.6 ml. 0.5 m H;BO; 
0.96 ml. 0.5 m NaOH 
pH (measured on Beckman pH meter) = 7.3 
The artificial plasma used for squid was identical except that the CaCl. was reduced to 
1.10 gm. 
APPENDIX III 


An approximate expression for the HTO uptakes from hypertonic solution can be 
obtained thus: 


In isotonic solution the uptake would be 
Vito = Vo(l — e*2*) 


But in hypertonic solution the volume V. is changing using D. K. Hill’s approxi- 
mation for volume change: 


Ve = Vo(l — 2)(1 — e-*3") 
in which 


AV. 
z= 7 * (i.e. the fractional cell volume change). 
o 


= Vo(1 — ee2t + ¢ — ge-e3t — ze~(eate3)¢) 


6 and a3 = maz, t.e. Py = YnPa 


Vito = = (1-22! + enagt — e(mtiagt) 


These are plotted in Fig. 9 for various n. 
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EFFECTS OF AZIDE AND CHLORETONE ON THE SODIUM AND 
POTASSIUM CONTENTS AND THE RESPIRATION OF 
FROG SCIATIC NERVES 

By W. P. HURLBUT* 
(From The Rockefeller Institute for Medical Research) 


(Received for publication, Nov. 7, 1957) 


ABSTRACT 


Azide (0.2 to 5.0 mm) and chloretone (2.0 to 15.0 mm) reversibly inhibited 20 to 
90 per cent of the resting respiration of frog sciatic nerves, and caused a loss of potas- 
sium and a gain of sodium in this tissue. The changes in ionic contents that developed 
after 5 or 10 hours were roughly correlated with the degree of respiratory depression, 
but the time courses of these changes were different with the two reagents. In azide 
these changes appeared to begin immediately, while in chloretone, at concentrations 
between 3.0 and 5.0 mm, the ionic shifts developed after a delay of several hours. 
Fifteen millimolar chloretone produced immediate changes in ionic contents several 
times greater than those produced by anoxia. The changes in ionic distribution pro- 
duced in 5 hours by anoxia, 5.0 mm azide, or 5.0 mm chloretone were at least partially 
reversible; those produced by 15.0 mm chloretone were irreversible. With the excep- 
tion of 15.0 mm chloretone the ionic shifts produced by these reagents may be due 
primarily to the depression of the respiration, although there are indications that 
azide acts, in addition, by another pathway. Concentrations of azide or chloretone 
that depressed the resting rate of oxygen consumption more than 50 per cent pro- 
duced a slow conduction block, while 15.0 mm chloretone blocked conduction within 
15 minutes. 


INTRODUCTION 


Considerable experimental evidence indicates that the metabolism of periph- 
eral nerve is essential for the maintenance of the normal sodium and potassium 
distribution of this tissue. Hodgkin and Keynes (1954, 1955) and Shanes and 
Berman (1955 c) have shown that metabolic inhibitors or oxygen lack produce 
changes in the rates at which sodium and potassium are transferred across the 
surface of the giant axons of Sepia and Loligo. In addition, Fenn and Gersch- 
man (1950) and Shanes (1951, 1952) have demonstrated that asphyxiated frog 
nerves lose potassium and gain sodium. More recently, Shanes and Berman 


* This investigation, begun in the Department of Biophysics, The Johns Hopkins 
University, was supported initially by funds granted to Dr. D. W. Bronk by the 
Supreme Council, Scottish Rite Masons. A portion of this work was submitted in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
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(1956) and Shanes (1956) have reported that anoxia combined with treatment 
with iodoacetate affects both the influx and efflux of K® in desheathed toad 
nerves. 

To define the relationships between oxidative metabolism and ionic distribu- 
tion more precisely, it seemed pertinent to obtain quantitative data on the 
ability of peripheral nerve to maintain its normal electrolyte content when the 
oxidative metabolism of this tissue was adjusted to different steady-state rates, 
In the present investigation the rates of oxygen consumption of resting frog 
sciatic nerves were depressed to various levels with metabolic inhibitors and 
the changes in the sodium and potassium contents of the tissue were measured 
as a function of time. The objective of the research was to determine whether 
a new steady state of ionic distribution would be established for each rate of 
respiration and to determine what relationship existed between the magnitudes 
of the ionic changes and the degree of respiratory inhibition. Sodium azide and 
chloretone were selected as the metabolic inhibitors. The effects of these re- 
agents on the oxidative metabolism of frog nerve have been studied extensively 
(Brink, 1951; Brink ef al., 1952), and there is considerable evidence of altered 
cellular chemistry during the action of these inhibitors (Loomis and Lipmann, 
1949; Mager and Avi-Dor, 1956; Michaelis and Quastel, 1941; Chance and 
Williams, 1956). 


Methods 


The nerve trunk of the frog, Rana pipiens, that was used included spinal nerves 
VII-IX and the sciatic, peroneal, and tibial nerves, extending to the knee. To remove 
the perineurium, the sheath was cut completely around the nerve trunk at a point 
just distal to the union of the spinal nerves and then peeled off to the cut end of the 
excised nerve. 

Respiratory Measurements.—The nerves were equilibrated in Ringer’s solution for 
an hour before measurements of the rate of oxygen uptake were made with an oxygen 
cathode flow respirometer (Carlson et al., 1950). When the respiratory rate was fol- 
lowed for long periods of time, the following procedure was adopted to minimize 
errors due to changes in the sensitivity of the platinum electrode. The appropriate 
solution was introduced into the reservoir of the respirometer, a baseline was ob- 
tained for 4 hour, and then a nerve was placed in the reservoir and sucked into the 
capillary until its peripheral end lay on the distal recording electrode that was sealed 
into the glass. About 1 hour was allowed for the electrode current to reach a new 
steady state before the tissue was withdrawn to permit a second determination of 
the baseline. The two baseline measurements were connected by a straight line and 
the value of the respiratory rate was measured with respect to the midpoint of this 
line. This procedure was repeated several times during the course of the experiments 
to determine the constancy of the respiratory rate of a nerve. To observe the onset 
of inhibition and its reversibility, solutions were changed with the nerve in the capil- 
lary so that the rapid changes in respiratory rate could be followed continuously. 
The shifts in the baseline that occurred as a result of the introduction of a nerve 
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into the capillary or of a change of solutions were, in magnitude, less than 10 per 
cent of the respiratory rate of the tissue. The over-all change of electrode sensitivity 
during the course of a day was only a few per cent. The error in the determinations 
of the relative rates of respiration was about +5 per cent. When respiratory meas- 
urements were not being made, the nerves were kept in small vials containing solu- 
tions of the inhibitors and were bubbled with a mixture of oxygen, carbon dioxide, 
and nitrogen. 

Ionic Contents—When the dissections had been completed, the nerves were placed 
in vials that contained 10 to 15 ml. of solution. The control nerves were soaked in 
unmodified Ringer’s solution, while the experimental nerves were soaked in Ringer’s 
solution that contained one of the metabolic inhibitors at the desired concentration. 
The vials were kept in a temperature-controlled box and were stirred and oxygenated 
by bubbling through them at a steady rate a mixture of oxygen, carbon dioxide, 
and nitrogen. For the asphyxiation studies the gas mixture contained only purified 
nitrogen and carbon dioxide. In these latter experiments the Ringer’s solution was 
equilibrated with the nitrogen-carbon dioxide mixture for at least an hour before 
the nerves were introduced. When the nerves had been soaked for the desired length 
of time, several millimeters were cut from the ends of each and wet weights were 
obtained after blotting the tissue on filter paper. The nerves were then dried to 
constant weight with an infrared lamp. 

Sodium and potassium were extracted from the nerves by two methods. In the 
first, which was used in the experiments with intact nerves, the nerves were placed 
in platinum boats and ashed overnight (16 hours) in a furnace at approximately 500°C. 
The boats were then washed in 8 ml. of distilled water for several hours and the 
resulting solutions analyzed. Internal standards indicated that some potassium was 
lost with this procedure. The second technique was simply to leach the dried nerves 
40 to 48 hours in 8 ml. of distilled water. Analyses of the ash of such nerves failed 
to reveal the presence of significant quantities of sodium or potassium. When the 
leaching period was 20 to 24 hours, 5 to 10 per cent of the sodium and potassium 
remained in the nerves. Similar results have been obtained by Shanes and Berman 
(1955 a). Sodium and potassium analyses were carried out with a Beckman DU 
flame spectrophotometer. The standards were made up to contain both sodium and 
potassium, and the ionic concentrations of the nerve extracts were estimated from 
two appropriate standards by interpolation. 

Experiments with Na*—Na*™Cl in hydrochloric acid was received from Oak Ridge 
National Laboratory at an activity of 1 to 3 mc./ml. The acid was neutralized with 
sodium hydroxide or sodium bicarbonate and diluted to make a radioactive Ringer’s 
solution with an initial activity of 40 to 80 yc./ml. The acidity of this solution was 
checked with hydrion paper, and the final pH was found to be 7.0 to 7.4. Nerves 
were loaded with Na™ by soaking them in the radioactive Ringer’s solution for 5 to 
10 hours at 20°C. In some experiments this solution contained 5.0 mm azide. The 
perineurium was removed from all nerves used in the tracer experiments and the 
preparations were tied at the ends with 3.5 mil tantalum wire to facilitate handling. 

The loss of radioactive sodium was followed by transferring a nerve through a 
series of planchets containing 2 ml. of inactive medium. Prior to placing a nerve 
into the first planchet it was blotted on filter paper and washed for 30 seconds in 
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inactive Ringer’s solution. Stirring of a nerve and medium was achieved by mounting 
the planchets on a horizontal plate that oscillated 90° about a vertical axis at a fre- 
quency of about 30 cycles/min. The planchets were dried beneath an infrared lamp 
and the radioactivity assayed with conventional counting equipment. Controls 
showed that the self-absorption of the samples was negligible. At the end of the 
experiments sodium and potassium were extracted from the nerves as previously 
described and an aliquot of the aqueous extract was assayed for radioactivity. After 
correcting the data for radioactive decay, one could reconstruct the curve of the 
content of Na™ as a function of time in the inactive solution. 

Electrical Recording —The amplitudes of the compound action potentials of the 
Aa fibers were measured in conjunction with the respiratory determinations. When 
mounting a nerve in the respirometer, care was taken to insure that the stimulating 
cathode lay on a region of the nerve from which the perineurium had been removed. 
The distance between the stimulating cathode and the proximal recording electrode 
was approximately 2.5 cm. The amplitudes of the compound action potentials were 
measured using a stimulus whose magnitude was twice that required to elicit a half- 
maximal response. Further increases in the stimulus strength did not increase the 
magnitude of the response. During the test periods the nerve was stimulated at a 
rate of 1 shock/sec.; otherwise the preparation was at rest. 

Solutions —The Ringer’s solution contained 111 mm NaCl, 2.0 mm KCl, 1.80 
mM CaCl, and 4.80 mm NaHCO. It was buffered to pH 7.0 by equilibration with a 
gas mixture that contained 2 per cent COs, 20 per cent O2, and 78 per cent Ne. Con- 
centrated stock solutions of chloretone (30 mm) and sodium azide (20 mm) contained 
enough NaCl to be isosmotic with the Ringer’s solution, and experimental solutions 
were made by replacing a volume of 120 mm NaCl with an equal volume of one of 
these inhibitor solutions. 

All experiments were run at 20°C. 


RESULTS 
Res piration 


Fig. 1 summarizes the action of chloretone and azide on the resting rate of 
oxygen consumption of frog sciatic nerves. Chloretone at concentrations from 
2.0 to 15.0 mm and azide at concentrations between 0.2 and 5.0 mw inhibited 
20 to 90 per cent of the oxygen uptake of these preparations. The inhibition 
curves were not affected by removal of the perineurium, and the absolute values 
of the initial rates of oxygen consumption were similar for intact and de- 
sheathed nerves. The mean value of the initial rate of respiration of ten intact 
preparations was 1.3 wmoles O2/gm. wet/hr., which is equivalent to 5.2 moles 
O2/gm. dry/hr., assuming that the water content of these nerves was 75 per 
cent of their wet weight (Fenn ef al., 1934). The average value of the initial 
respiratory rate of seven desheathed nerves was found to be 5.0 wmoles O3/gm. 
dry/hr. 

Figs. 2 and 3 illustrate the time course of the respiratory inhibition produced 
by azide and chloretone, respectively. The onset of inhibition was rapid, being 
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complete within 14 hour, and the depressed respiratory rates were stable for 8 
to 10 hours with these concentrations of the poisons. With the exception of a 
10 hour exposure to 5.0 mm azide, the respiratory inhibition produced by these 
reagents was reversible. The respiratory effects of 5.0 mm azide were reversible 
after 5 hours. Fig. 2 also shows that in nine cases out of eleven the respiration 
of unpoisoned nerves declined slowly with time. This behavior has been ob- 
served with intact nerves as well. In 0.2 mm azide or 2.0 m chloretone the rate 
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Fic. 1. Effects of azide and chloretone on the resting rates of respiration of intact 


and desheathed frog sciatic nerves. Each point is the average of three determinations. 
Measurements made after a 1 hour exposure to the inhibitors. 








of oxygen consumption was not constant. After an initial rapid depression of 
about 20 per cent, the rate of respiration declined an additional 10 per cent 
over the next 8 to 10 hours. This slow decay was not as large as that exhibited 
by the control nerves, so that when these concentrations of azide or chloretone 
were removed after 8 hours, there was little sign of any respiratory inhibition. 

Thus, azide and chloretone, at suitable concentrations, afford a means of 
reversibly adjusting the resting respiration of frog nerves to various steady- 
state levels and so provide an opportunity to study the relationship between 
the steady-state rate of oxidative metabolism and ionic distribution. 
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Sodium and Potassium Contents 


Experiments were carried out with intact nerves and with nerves from which 
the perineurium had been removed. There is good reason to believe that the 
perineurium impedes the diffusion of ions between the extracellular spaces of a 
nerve and the bathing medium (Shanes, 1954; Crescitelli, 1951; Krnjevic, 
1954). The data obtained from desheathed preparations should represent more 
closely the changes in the ionic distribution of the cells of the nerve trunks, and 
for this reason these preparations were studied in greater detail than were 
intact nerves. 

Effect of Removal of the Perineurium.—Removal of the perineurium from 
bullfrog and cat nerves produces histological changes (Lorente de N6, 1952), 
and a marked swelling occurs if the preparations are immersed in Ringer’s or 


TABLE I 
Effects of Removal of the Perineurium on the Potassium, Sodium, and Water Contents of Frog 
Sciatic Nerve 
All nerves were soaked several hours in Ringer’s solution at 20°C. before they 
were weighed and analyzed. Average of results from six pairs of nerves. 





Potassium | 
Nerve 





Wet Dry | Wet 


pmoles/gm. | ymoles/gm. | wmoles/gm. | umoles/gm. 
Intact 45.5 182 | 68.4 | 273 
Perineurium re- 33.5 178 | 81.6 | 

moved | 














Tyrode’s solution (Shanes, 1953; Dainty and Krnjevic, 1955). A similar phe- 
nomenon occurs in frog nerves. Table I lists the average values of the potassium, 
sodium, and water contents of six pairs of nerves, the perineurium having been 
removed from one member of each pair. It can be seen that, when referred to 
the dry weight, the potassium contents of the two groups of nerves were simi- 
lar, while the sodium and water contents were considerably larger in the de- 
sheathed preparations. For both intact and desheathed nerves, the sodium 
content over the range from 200 to 600 umoles/gm. dry and the water content 
over the range from 2.4 to 5.6 gm. H,O/gm. dry were correlated, the slope of 
the correlation curve (determined by the method of least squares) being 123 
umoles Na/gm. HO, a figure very close to the sodium concentration of the 
Ringer’s solution (116 mm). These observations are similar to those reported 
by Shanes (1953) who concluded that the sweiling was accompanied by the 
entrance of Ringer’s solution into the nerve trunk. 

In order to measure changes in the cellular sodium content of desheathed 
nerves in the face of the large and highly variable extracellular sodium content 
of these preparations, it was necessary to devise a procedure that would permit 
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a distinction to be made between these two compartments of a nerve trunk. 
The technique finally adopted consisted of washing each nerve for 1 hour in a 
large (15 to 20 ml.) volume of a cold (0-2°C.) solution of 118 mm choline chlo- 
ride and 1.8 mm calcium chioride before the ions were extracted for analysis. 
This procedure eliminates sodium and potassium from the extracellular spaces 
of the nerves and permits valid estimates to be made of the cellular content of 
these ions. The procedure actually constitutes an operational definition of the 
terms “cellular sodium” and “cellular potassium” as they are used in this 
report. Whether the “‘cellular” sodium and potassium as defined by this tech- 
nique really exist in the axoplasm can be determined only by a histochemical 
analysis. The validation of this procedure is described in Appendix A. 

Stability of the Preparation.—To test the action of a metabolic inhibitor paired 
nerves were used, the nerve from one leg of a frog serving as a control, while that 
from the opposite leg was exposed to the inhibitor. At the end of the experiments 
both nerves were washed for an hour in the choline chloride solution and then an- 
alyzed. The differences between their sodium and potassium contents were used 
to measure the effects of the inhibitor on ionic distribution. The smallest change 
in ionic contents that can be detected by such a procedure is determined by the 
differences that occur between the ionic contents of paired nerves when both 
members have been soaked for several hours in Ringer’s solution. Since the 
potassium content of frog sciatic nerves is not seriously affected by the removal 
of the perineurium or washing for an hour in the choline chloride solution, the 
results obtained from 25 pairs of intact or desheathed preparations were pooled. 
The average value of the differences between the potassium contents of the 
members of each pair was 6 wmoles/gm. dry, and the standard deviation of 
these differences (measured with respect to zero) was 8 umoles/gm. dry. Using 
the results from six pairs of nerves, the smallest change that can be measured 
at a level of significance of 95 per cent is approximately equal to the standard 
deviation of the differences between the members of a pair, or, in this instance, 
8 umoles/gm. dry. This is about 5 per cent of the normal potassium content of 
frog sciatic nerves. 

A comparable set of statistics is not available for the sodium content since 
this parameter is greatly affected by removal of the sheath and washing in the 
choline chloride solution. The variability of the sodium data for intact and de- 
sheathed preparations was considerably greater than that of the potassium data 
because of the high sodium concentration of the fluid in the extracellular spaces 
of frog nerves. Few data have been collected on the differences between the so- 
dium contents of pairs of nerves that had been washed for an hour in a choline 
chloride solution, but judging from the experimental results, the accuracy is 
comparable to that of the potassium data. 

Eight pairs of nerves were used to determine whether any changes in ionic 
contents occurred when nerves were soaked in Ringer’s solution. One member 
of each pair was analyzed 1 hour after the perineurium had been removed, while 
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the second was analyzed 9 hours later. The ionic contents of the two sets of 
nerves were not significantly different. The average potassium and sodium con- 
tents of the 1 hour nerves were 163 uwmoles/gm. dry and 42 uwmoles/gm. dry, 
respectively, while the corresponding values for the 10 hour nerves were 161 
umoles/gm. dry and 39 umoles/gm. dry. 
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Fic. 4. Time course of changes in sodium and potassium contents of desheathed 
frog nerves produced by various concentrations of azide. Number on each curve 
refers to concentration of azide employed for that particular curve. Each point is 
the average of five to twelve determinations. 


Changes in Ionic Contents Produced by Azide, Chloretone, and Asphyxiation.' 
—Figs. 4 and 5 illustrate the time course of the changes in ionic distribution 


‘ The extensive original data that were used to construct Figs. 4 to 6, and the data 
obtained in the long term experiments and in the experiments with intact nerves, 
are available at the ADI Auxiliary Publications Project, Photoduplication Service, 
Library of Congress, Washington 25, D.C., Document Number 5530. A copy may 
be secured by citing the Document number and by remitting $1.25 for photoprints, 
or $1.25 for 35 mm. microfilm. Advance payment is required. Make checks or money 
orders payable to: Chief, Photoduplication Service, Library of Congress. 
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that occurred in azide, chloretone, and nitrogen. Significant changes in the 
ionic distribution occurred in all concentrations of azide that were tested and 
the magnitudes of the changes in sodium and potassium contents were ap- 
proximately equal. Furthermore, the effects of azide on the ionic contents 
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Fic. 5. Time course of changes in sodium and potassium contents of desheathed 
nerves subjected to anoxia or exposed to solutions of chloretone. Number on each 
curve refers to the concentration of chloretone used for that particular curve. Each 
point is the average of five to twelve determinations. 


appeared to begin immediately, since the changes were detectable after 1 hour 
at concentrations of 0.5 mm and above. Two tenths millimolar azide was not 
tested at this short time. It is also evident that the ionic contents of nerves 
exposed to 1.0 or 5.0 mm azide did not achieve new steady-state levels. A break 
seems to occur in the curve for 1.0 mm azide at 24 hours suggesting that a 
new phenomenon may be occurring at times longer than this. Unfortunately, 
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the data are not accurate enough for one to be confident that this is really the 
case. With the two lower concentrations of azide the data suggest that new 
steady states of ionic distribution may have been achieved within 10 hours. 
The changes produced in 10 hours by 0.5 mm azide were small, amounting to 
only about 30 umoles/gm. dry, or 20 per cent of the potassium content of these 
nerves. 

The chloretone data of Fig. 5 present several features that differ from those 
of azide. Two millimolar chloretone, which has approximately the same re- 
spiratory effect as 0.2 mm azide, produced no measurable changes in ionic dis- 
tribution in 10 hours. In addition the changes in sodium and potassium contents 
that occurred in 3.0 and 5.0 mm chloretone began only after a delay of several 
hours, the delay being shorter at the higher concentration. The delay that 
occurred before changes in the ionic content became measurable was longer in 
the case of sodium than it was for potassium. Fifteen millimolar chloretone 
produced changes in ionic contents that appeared to begin immediately and 
were nearly three times as great as those caused by anoxia. This concentration 
of the narcotic probably affects ionic distribution by some means other than 
respiratory interference. A loss of potassium was detectable after an hour of 
anoxia, but the increase in the sodium content of the asphyxiated nerves be- 
gan only after a delay of about 1 hour. The ionic shifts that developed after 5 
to 10 hours of asphyxiation were slightly greater than those produced in this 
time by 5.0 mm chloretone or 1.0 mm azide. 

Reversibility of the Ionic Changes.—The respiratory inhibition produced by 
azide and chloretone was reversible after exposures of 5 hours, and some ex- 
periments were carried out to determine whether or not the ionic changes that 
had developed in this time were reversible also. Recovery of the ionic distribu- 
tion was determined in two ways. In the first method both members of a pair 
of nerves were exposed to the action of azide, chloretone, or nitrogen for 5 
hours. One member of the pair was then washed in choline chloride for an hour 
and analyzed. The second nerve was placed in unmodified Ringer’s solution for 
an additional period of time before being washed in the choline chloride solu- 
tion. The differences between the sodium and potassium contents of these 
nerves were taken as a measure of the recovery that had occurred in the 
second nerve during the time spent in the Ringer’s solution. This prodecure 
was employed for recovery periods up to 4 hours in duration. For a 6 hour 
recovery, one nerve of each pair was placed in Ringer’s solution for 11 hours 
while its mate was placed in a solution of one of the inhibitors for 5 hours and 
then transferred to Ringer’s for an additional 6 hours. Both nerves were then 
washed in the cold choline chloride solution and analyzed. This procedure gives 
a direct measure of the completeness of the recovery of the ionic distribution. 

Fig. 6 illustrates the results of these experiments. It can be seen from this 
figure that the rates of recovery of the ionic contents were slow. In the case of 
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5.0 mm chloretone nearly complete recovery was achieved after 6 hours, while 
the effects of 5.0 mm azide and anoxia were partially reversed in this time. 
The changes in the ionic distribution that developed after 5 or 24 hours in 
15.0 mm chloretone were irreversible, and of nineteen nerves exposed to the 
narcotic for 1 hour, only five showed recovery of their ionic contents. An in- 
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Fic. 6. Time course of the recovery in Ringer’s solution of the ionic contents of 
desheathed nerves subjected to 5 hours of anoxia or soaked for 5 hours in Ringer’s 
solution containing 5.0 mm azide or 5.0 mm chloretone. Each point is the average of 
five to ten experiments. The initial points of these curves were taken from Figs. 4 
and 5 and represent the average changes in ionic contents that occurred during ex- 
posure to the inhibitors. Over the first 4 hours of these ~urves, the recoveries are 
plotted using these initial points as zero. Over this period, the quantity that was 
determined experimentally was the difference between the initial points and the 
points at later times. At 6 hours of recovery, however, the differences between the 
ionic contents of the control nerves, which had been in Ringer’s solution through- 


out, and the experimental nerves are plotted directly as sodium excess or potassium 
deficit. 
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teresting aspect of these results is that the ionic contents of the nerves that had 
been allowed to recover for 4 to 6 hours were equal to the ionic contents of the 
nerves that had been analyzed immediately after removal from the solution of 
the narcotic. These data indicate that while 15.0 mm chloretone produces pro- 
gressive changes in the ionic distribution of frog nerves, these changes cease 
when the narcotic is removed, and the nerves appear to be in a new steady state 
of ionic distribution with ionic contents that deviate markedly from those 
characteristic of a normal nerve. These results are reminiscent of the experi- 
ments of Osterhout (1922) who showed that high concentrations of narcotics 
produced a progressive decrease in the electrical resistance of Laminaria 
agardhii. These changes were also irreversible, the resistance of this plant tissue 
remaining at whatever level had been attained during the period of exposure to 
the narcotics. The fact that the respiratory effects of 15.0 mm chloretone were 
largely reversible after 5 hours, while the accompanying changes in ionic con- 
tents were not, provides another indication that at high concentrations this 
reagent disrupts the normal electrolyte distribution of frog nerves by some 
means other than respiratory interference. 


Experiments of Long Duration —In an attempt to determine whether or not new 
steady states of ionic distribution were reached in solutions of sodium azide, a few 
experiments were carried out with nerves exposed for 18 to 33 hours to various con- 
centrations of this inhibitor. It was found that the respiratory inhibition produced 
by a given azide concentration became progressively greater after exposures longer 


than 10 hours and that the respiratory inhibition was not completely reversible 
after this period of time. In solutions of 0.5 mm azide the compound action potential 
declined by approximately 50 per cent after 20 hours and was completely abolished 
in this time in solutions of 1.0 or 5.0 mm azide. These changes were irreversible. The 
control nerves deteriorated appreciably during the course of these experiments, the 
potassium content falling to 135 umoles/gm. dry, and the sodium content rising to 
55 umoles/gm. dry. In addition, the amplitude of the compound action potential of 
the control preparations declined about 25 per cent and their resting rates of respira- 
tion frequently increased by 100 per cent. Changes in the sodium and potassium 
contents of frog nerves also continued to develop as long as the tissue was exposed 
to azide solutions. In view of the progressive deterioration exhibited by the nerves 
at these long times, the significance of these changes in ionic contents is difficult to 
assess, 

Two interesting points emerged from these experiments, however. One was the 
finding that the sodium and potassium contents of nerves exposed to 5.0 mm azide 
for 24 hours were approximately 210 wmoles/gm. dry and 10 ymoles/gm. dry, re- 
spectively. These data indicate that the equimolar exchange of sodium for potassinm 
continued until the cells were essentially depleted of the latter ion. It was also found 
that after 30 hours in 0.5 mm azide the nerves contained approximately 100 umoles/ 
gm. dry of sodium and potassium. This figure corresponds to somewhat more than 
half of the normal nerve content of the latter ion, and the data emphasize that the 
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deterioration of these nerves occurs extremely slowly when the resting respiration 
is reduced by approximately 50 per cent. 


Resulis with Intact Nerves.—Intact nerves were not washed in the choline 
chloride solution before their ions were extracted. The changes in the sodium 
and potassium distribution that were produced by azide were determined only 
after 6 and 12 hours, and the effects of chloretone were measured only after 6 
hours. Quantitatively, the data from the intact preparations differed from those 
of desheathed nerves, the measured changes in ionic content being about twice 
as great in the latter case. Qualitatively, however, there was good agreement 
between the two sets of results. In 12 hours all concentrations of azide from 0.2 
to 5.0 mm caused a loss of potassium and a gain of sodium in intact nerves, and 
there were no indications that new steady states of ionic distribution had been 
achieved in this time. Furthermore, concentrations of azide and chloretone 
that depressed the resting respiration by approximately the same degree had 
different effects on the ionic distribution, azide producing larger changes in 
ionic contents (cf. Brink, 1957). The data from the desheathed nerves also 
showed this characteristic at short times and suggest that the explanation lies 
in the fact that in chloretone solutions the leakage of ions from the cells of 
the nerve trunk begins only after a delay of several hours. Fifteen millimolar 
chloretone was found to produce changes in the sodium and potassium con- 
tents of intact nerves that were larger than any produced by azide. The in- 
hibitors also increased the water content of intact nerves. This fact tends to 
obscure the significance of the changes in the sodium content since it is not 
known whether the additional water was cellular or extracellular. With the 
lower concentrations of azide the increases in the sodium and water contents 
of the preparations were correlated so as to suggest that the swelling was 
caused by an entrance of Ringer’s solution into the nerve trunk. 

Compound Action Potentials.—Figs. 7 and 8 illustrate the effects of azide and 
chloretone, respectively, on the amplitude of the compound action potential 
of the A, fibers. The effect of 0.5 mm azide on the amplitude of the action 
potential was barely measurable, while almost complete block occurred within 
5 hours in 5.0 mm azide. The time course of the failure of the action potential 
appeared to be nearly linear, and the effects of 1.0 and 5.0 mm azide were not 
completely reversible after 10 hours, although the recovery that did occur took 
place rapidly. When 5.0 mm azide was removed after 5 hours, 60 to 80 per cent 
of the amplitude of the action potential was recovered in 30 minutes, and this 
rapid phase was followed in some instances by an additional slow recovery. 

From Fig. 8 it can be seen that 2.0 mm and 3.0 mm chloretone produced a 
quick depression of the amplitude of the compound action potential to a new 
level which appeared to be stable. The data for 5.0 mm chloretone suggest 2 
two phase curve, an initial rapid reduction of 20 to 30 per cent during the first 
hour followed by a slow linear decay. The effects of 2.0 and 3.0 mm chloretone 
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were fully reversible after 8 hours, while the action of 5.0 mm chloretone may 
have been only partially reversible after this time. Fifteen millimolar chloretone 
produced complete block within 15 minutes and was reversible after 1 hour, 
but not after 244 hours. 


DISCUSSION 


It is clear that some changes occur when the connective tissue sheath is 
removed from frog sciatic nerves, but the available evidence indicates that 
these changes do not seriously affect the processes responsible for maintaining 
the ionic distribution of the tissue or the relation of these processes to the 
metabolism. The swelling that follows the removal of the connective tissue 
sheath appears to be a passive phenomenon confined to the elements of the 
extrafibrillar space. Neither the magnitude of the respiration nor its sensitivity 
to chloretone or azide is greatly changed by removal of the perineurium, and 
both the ionic contents and action potentials of desheathed nerves are stable 
for many hours. Furthermore, the effects of azide and chloretone on the sodium 
and potassium distribution of frog nerves are qualitatively similar in intact and 
desheathed preparations. The quantitative differences that were observed be- 
tween the ionic shifts that occur in intact and desheathed preparations may 
result from the fact that the perineurium impedes the diffusion of ions from the 
extracellular spaces of the nerve trunk. It is felt, therefore, that axons in a frog 
nerve deprived of its perineurium remain essentially normal as far as ion 
transport properties are concerned. 

The sodium content of desheathed nerves that have been washed for 1 hour 
in a cold chloine chloride solution is approximately 40 umoles/gm. dry. The 
tracer experiments indicate that this figure is approximately 75 per cent of the 
initial sodium content of the cells, which is, therefore, 40/0.75 = 53 umoles/ 
gm. dry. The average values found for the potassium, sodium, and water 
contents of 18 intact nerves were 184 umoles/gm. dry, 256 uwmoles/gm. dry, 
and 2.88 gm. H,O/gm. dry, respectively. From these figures it is possible to 
calculate probable values for the extracellular space and intracellular ionic 
concentrations of intact frog sciatic nerves. 


Extracellular sodium content = 256 — 53 = 203 umoles/gm. dry. 


Extracellular water content 
= 203/116 = 1.75 gm./gm. dry = 1.75/(2.88 + 1.00) = 45.2 per cent wet, 
Extracellular potassium content = 1.75 X 2 = 3.5 umoles/gm. dry. 


Intracellular water content = 2.88 — 1.75 = 1.13 gm./gm. dry = sa = 29.1 per cent wet. 


Intracellular sodium concentration = 53/1.13 = 47 umoles/gm. water. 


Intracellular potassium concentration = (184 — 3.5)/1.13 = 159 wmoles/gm. water. 
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The general agreement between these estimates of extracellular space and intra- 
cellular ionic concentrations and those of other workers (Shanes and Berman, 
1955 a; Fenn ef al., 1934) provides further indication that the washing tech- 
nique gives a reliable measure of the cellular content of sodium and potassium. 
These results also indicate that the cation content of the axoplasm is consider- 
ably higher than that of Ringer’s solution or frog blood plasma (cf. Fenn et al., 
1934). 

The high potassium content of frog nerves creates an interesting situation as 
regards the changes in ionic contents that occur when the metabolism of the 
nerves is depressed. If a nerve were to come into diffusion equilibrium with 
Ringer’s solution with no change in cellular volume, the quantity of potassium 
lost would be twice as great as the quantity of sodium gained. However, during 
prolonged treatment with azide, sodium and potassium have been observed to 
exchange in approximately equivalent amounts, so that after 24 hours in 5.0 
mM azide the potassium content of frog nerves has fallen to approximately 10 
pmoles/gm. dry, while the sodium content has increased to over 200 umoies/ 
gm. dry. It seems reasonable to assume that appreciable swelling of the cells 
occurred ; otherwise it would appear that these nerves had concentrated sodium. 
Unfortunately, the data on the water content of desheathed frog nerves are 
not reproducible enough to permit one to determine the effects of metabolic 
inhibitors on the water content of these preparations. It was pointed out in 
the section on intact nerves, however, that an increase in water content oc- 
curred when these nerves were exposed to solutions of azide or chloretone. It 
is not known whether this excess water is cellular or extracellular. 

Because of the slowness of the ionic movements in frog nerves and because 
of the progressive deterioration of the tissue that accompanied long exposures 
to the metabolic inhibitors, a detailed kinetic analysis of the present data 
seems unwarranted, and it cannot be decided whether a new steady state of 
electrolyte distribution would be established at each steady-state rate of oxy- 
gen consumption. However, certain general features of the data deserve com- 
ment in order to decide whether the changes in ionic contents produced by 
either azide or chloretone were the result of respiratory depression. 

It has been pointed out that the effects of azide and chloretone on the sodium 
and potassium contents of frog nerves differ in at least two respects: (1) solu- 
tions of azide that inhibit the rate of respiration 20 te 30 per cent cause a loss 
of potassium and a gain of sodium that is detectable after 244 hours, while 
solutions of chloretone with the same respiratory effect produce no measurable 
changes in ionic content in 10 hours; (2) the ionic effects produced by higher 
concentrations of azide appear to develop immediately, while the ionic effects 
of higher concentrations of chloretone develop only after a delay. (The action 
of 15.0 mm chloretone does not appear to be related to respiratory interference 
and will not be discussed.) It follows that the action of azide or chloretone, or 
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both, is not confined to an inhibition of the respiratory rate or that the processes 
involved in maintaining the ionic distribution are not solely dependent upon 
the rate of oxidative metabolism. 

It seems unlikely that the effects of azide and chloretone on the ionic distri- 
bution are entirely unrelated to their respiratory action since, except at the 
lowest concentrations, solutions of these reagents that depress the respiration 
by the same degree produce comparable changes in the ionic distribution when 
these changes are measured after 5 or 10 hours. Furthermore, the changes in 
ionic distribution that occur during anoxia do not differ greatly from those 
produced by the more concentrated solutions of azide and chloretone. It seems 
reasonable, therefore, to conclude that the ionic effects produced by these re- 
agents are due in large part to respiratory inhibition. 

It is possible that the differences between the action of azide and chloretone 
on ionic distribution occur because these reagents act at different places in the 
chain of respiratory enzymes. Azide inhibits cytochrome oxidase, while chlore- 
tone appears to interfere with an enzyme linking flavoproteins to the cyto- 
chrome system (Michaelis and Quastel, 1941; Mager and Avi-Dor, 1956). To 
assess this possibility would require some detailed assumptions concerning the 
mechanism by which the respiration is coupled to ion transport, and the 
available data do not justify the construction of a detailed model for this 
coupling. 

The differences between the effects of chloretone and azide might be explained 
if the action of one or both of these reagents was not confined to the inhibition 
of the respiration. There are indications from the present data that azide, at 
all concentrations tested, influences ionic distribution by means other than 
respiratory interference. Thus, the ionic changes produced by 5.0 mm azide are 
60 per cent greater than those produced by anoxia. Furthermore, the kinetics 
of the changes in ionic contents that occur during anoxia do not resemble the 
kinetics of the ionic shifts that occur when nerves are exposed to solutions of 
azide. The increase in the sodium content of asphyxiated nerves begins after a 
delay of about 1 hour, while 0.5 mm azide, which eliminates only half of the 
respiration, produces in 1 hour a significant increase in the sodium content of 
frog nerves and causes a loss of potassium that is equal to that developed dur- 
ing 1 hour of anoxia. Finally, there is reason to doubt that the changes in ionic 
content that occur in 0.2 mm azide are the result of respiratory inhibition. It 
was pointed out previously that after 8 hours the resting respiration of un- 
treated nerves may be little different from that of a nerve that had been ex- 
posed to 0.2 mm azide. However, the decay of the rate of oxygen consumption 
of nerves in Ringer’s solution is not accompanied by changes in their sodium or 
potassium contents. It seems possible, therefore, that the results obtained 
with azide are the sum of two effects, a small rapid effect predominating at low 
concentrations and short times, while a larger and slower effect due to respira- 
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tory inhibition predominates at higher concentrations and at later times. In- 
deed, the curves obtained in solutions of 1.0 mm azide give evidence of being 
composed of two components with a break occurring at about 244 hours. 
Azide is known to interfere with catalase (Keilin, 1936) and with phosphate 
metabolism (Loomis and Lipmann, 1949) at the same concentrations at which 
it inhibits respiration. It may be that the interference with phosphorylation is 
responsible for the changes in ionic distribution that occur at short times and 
at low concentrations. It is also possible that azide has a direct action on the 
cell membranes, since Ling and Gerard (1949) have shown that 1.0 mm azide 
produces a depolarization of frog muscle that does not appear to be related to 
any metabolic effects. It should be mentioned also that Foulkes (1956) has 
suggested that azide reacts directly with a potassium carrier in yeast cells. 
Whether chloretone, at concentrations of 5.0 mm or less, affects the ionic 
distribution of frog nerve only as a result of respiratory inhibition cannot be 
decided definitely. The time courses of the ionic changes produced by these 
concentrations of chloretone resemble qualitatively the time course of the 
ionic changes caused by anoxia. Quantitatively, the effects of 5.0 mm chlore- 
tone, which inhibits 70 per cent of the resting respiration, are slightly smaller 
than those of anoxia. Also, the lack of effect of 2.0 mm chloretone on ionic 
distribution is in keeping with the fact that the resting respiration of excised 
nerves may normally decline 20 to 30 per cent with no accompanying changes 
in sodium or potassium contents. These general considerations suggest that in 
this concentration range chloretone may influence ionic distribution only as a 
result of its respiratory effects. If this is a valid interpretation, then it would 
appear that the rate of respiration of frog nerve may decline by approximately 
30 per cent before changes in ionic distribution occur and that at lower rates 
of oxygen consumption ionic shifts develop only after delays of several hours. 
The length of this delay is shorter the lower is the rate of oxidative metabolism. 
In addition, it appears from both the chloretone and nitrogen data that the 
nerves begin to lose potassium before they begin to gain sodium. This should 
be considered only as a suggestion, however, for there is evidence that chlore- 
tone may have a direct influence on cell surfaces. This reagent elevates the 
threshold of frog A fibers at concentrations that have only slight metabolic 
effects on resting nerves (Brink, 1951), and narcotics are also known to affect 
the electrical resistance of frog muscle (Guttman, 1939) and plant cells (Oster- 
hout, 1922), dilute concentrations causing an initial increase in resistance that 
is followed by a decrease. It is possible that in solutions of chloretone the 
changes that occur in the ionic distribution of frog nerves as a result of respira- 
tory inhibition are distorted by some effect this reagent has upon the cell 
surfaces. In this regard Shanes (1951, 1952) has observed that cocaine reduces 


the magnitude of the ionic shifts that occur during the asphyxiation of frog 
nerves. 





978 RESPIRATION AND ION CONTENT OF FROG NERVE 


Whether or not the action of azide or chloretone is confined to the inhibition 
of the rate of respiration, it appears that the rate of oxygen consumption of 
frog peripheral nerve may be depressed by 50 per cent for extended periods of 
time without seriously affecting many of the properties of this tissue. Thus, 
concentrations of azide (0.2 to 0.5 mm) or chloretone (2.0 to 3.0 mm), which 
inhibit the resting respiration 50 per cent or less, produce small changes in the 
sodium and potassium distribution of these nerves and have minor effects on 
the amplitude of the compound action potential. Furthermore, Fitzhugh (1954) 
has shown that the effect of azide on the refractory period of frog nerve fibers 
first becomes measurable at a concentration of 0.45 mm. 

It is interesting to estimate the work required to maintain the ionic fluxes 
in resting frog nerves and to compare this with the free energy available from 
the oxidative metabolism, glycolysis, and stores of creatine phosphate and 
ATP. The work (in calories) required to move a mole of potassium ions across 
a cell membrane from outside to inside is (Levi and Ussing, 1949): 


Wx = RT In (=) — FE/J 


and the work required to transport a mole of sodium ions in the opposite di- 
rection is: 


Wna = RT In (Re 4 FE/J 


in which R = gas constant (cal./mole-degree); 

T = absolute temperature; 

F = faraday (coulombs/mole) ; 

E = magnitude of resting potential in volts; 

J = joule coefficient (joules /cal.); 

i refers to inside concentration; o refers to outside concentration. 
If Mx and My, represent the potassium influx and sodium efflux, respectively, 
then the rate at which work must be done to maintain these fluxes is: 


dW K; Nao FE 
— = ‘ —_ Mx — on ; 
a ar atin (=) + tx In ( =) |+ 7 [Mna — Mx) 


The external concentrations of sodium and potassium will be taken to be 
those of Ringer’s solution, and the internal concentrations will be assumed to 
be equal to those calculated in earlier paragraphs. The resting potential will be 
assumed to be 71 mv. (Huxley and Staimpfli, 1951). If the data of Shanes and 
Berman (1955 6) and Shanes (1956) from toad nerve are assumed to be ap- 
plicable to frog nerve, Mx and My, are approximately 10 and 25 uwmoles/gm. 
dry/hr., respectively. Substituting these values into the equation, one has: 
dW /dt = 0.063 cal./gm. dry/hr. at 20°C. 
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Table II summarizes for frog nerve the rate at which free energy is generated 
by the oxidative metabolism and glycolysis and the free energy stored as 
creatine phosphate and ATP. It can be seen that the free energy required to 
transport sodium and potassium ions comprises approximately 10 per cent of 
that available from the metabolism in oxygen and about one-third of that 


TABLE II 
Measured Rates of Respiration and Glycolysis and Contents of ATP and Creatine Phosphate of 
Frog Sciatic Nerves 


All figures are referred to the dry weight, which was assumed to be 25 per cent of the 
wet weight. 





Conditions Rate - (437 





pmoles/ gm. dry/hr. cal./gm. dry/hr. 
Oxygen Respiration S.4 0.59* 
Glycolysist 2.5 0.07§ 


Total 0.66 


Glycolysist 5.9 0.17§ 





Substance Content — AFI 





pmoles/ gm. dry cal./gm. dry 
Creatine phosphate] 16 0.13 
ATP** 7.3 0.06 


Total 23.5 0.19 














* Calculated assuming substrate to be glucose and assuming a free energy of oxidation of 
— 690 kcal./mole. 


t Unpublished data of Dr. S. C. Cheng. 


§ Calculated assuming a free energy change of —57 kcal./mole for the conversion of 1 
mole of glucose to 2 moles of lactic acid. 

|| Calculated assuming free energy of hydrolysis of the terminal phosphate group of 
ATP and creatine phosphate to be — 8 kcal./mole (Kitzinger ef aJ., 1957). 

{| Gerard and Tupikova (1938). 

**Greengard, Brink, and Colowick (1954). 


available from glycolysis during asphyxiation. The former figure is comparable 
to that estimated by Keynes and Maisel (1954) for the energy required to 
extrude sodium from frog muscle. The free energy stored in ATP and creatine 
phosphate, if used with 100 per cent efficiency, would be sufficient to maintain 
the ionic fluxes at their normal values for several hours. It seems unlikely that 
during anoxia the energy available from these sources would be applied ex- 
clusively to ion transport with 100 per cent efficiency. However, it is possible 
that these energy reserves could account for such effects as the lag observed 
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with chloretone and for the fact that the respiration may fall by approximately 
30 per cent before there are measurable changes in the ionic distribution. It is 
also possible that active transport occurs to an appreciable extent in asphyxi- 
ated nerves. Shanes (1951, 1952) has shown that glucose reduces potassium 
loss during anoxia and that this sparing action of the sugar is prevented by 
1 mm iodoacetate. 


The rate at which the cellular metabolism provides free energy may be estimated 
also from the rate of generation of ATP. Thus, in muscle, the oxidation of 1 mole of 
glucose via the Krebs’ cycle leads to the synthesis of 38 moles of ATP,? while the 
conversion of 1 mole of glucose to 2 moles of lactic acid yields 2 moles of ATP.* The 
free energy of hydrolysis of the terminal phosphate group of ATP has been estimated 
to be from 7 to 12 kcal./mole.? These figures lead to the result that the complete 
oxidation of a mole of glucose provides 266 to 456 kcal. of free energy, and the con- 
version of 1 mole of glucose to 2 moles of lactic acid provides 14 to 24 kcal. These 
values are 39 to 66 per cent of the free energy of oxidation of a mole of glucose and 
25 to 42 per cent of the free energy change accompanying the breakdown of a mole 
of glucose to lactic acid. On the basis of this computation, the ionic movements would 
require a larger fraction of the energy provided by the cellular metabolism than 
was estimated above, but this alternative computation does not preclude the possi- 
bility that in nerves with a depressed oxidative metabolism the ionic distribution 
may be maintained for a time by glycolysis and stores of ATP and creatine phosphate. 


The net loss of potassium that occurs during the asphyxiation of desheathed 
frog nerves agrees well with that computed from the flux data of Shanes (1956) 
for desheathed toad nerves. In this latter preparation the mean rate of uptake 
of K® during 2 hours in oxygen is 0.04 umoles/gm. wet/min.; during 2 hours in 
helium with iodoacetate the mean rate is 0.011 wmoles/gm. wet/min. This 
experimental treatment also increases potassium outflux 50 per cent (Shanes 
and Berman, 1956). During the 2 hours of experimental treatment, one would 
expect a net loss of potassium of (0.04 X 1.5 — 0.011) X 2 X 60 = 5.9 umoles/ 
gm. wet. In the present work the net loss of potassium that occurred in 244 
hours of anoxia was 25 uwmoles/gm. dry or approximately 6.2 umoles/gm. wet. 

Shanes and Berman (1956) have reported also that anoxia does not alter the 
efflux of sodium from toad nerves. Whether or not the influx of sodium is al- 
tered is unknown, but the present results would indicate that during anoxia 
changes in this rate may not begin immediately. 

Lorente de N6 (1947) has shown that after 5 hours of asphyxiation the oxi- 
dative repolarization of the membrane of intact bullfrog nerve proceeds with 
great rapidity, the potential returning to its normal level in 5 or 6 minutes and 


? Handbook of Biological Data, (W. Spector, editor), Philadelphia, W. B. Saun- 
ders Co., 1956, 240. 

3 Handbook of Biological Data, (W. Spector, editor), Philadelphia, W. B. Saunders 
Co., 1956, 233. 
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then passing into a state of hyperpolarization that may last for several hours. 
A similar phenomenon occurs in desheathed nerves during recovery from 3 
hours of asphyxiation in Ringer’s solution that contains 5.0 mm potassium 
(unpublished observations by C. M. Connelly). The rapid recovery of the re- 
fractory period (Fitzhugh, 1954) and of the compound action potential of de- 
sheathed nerves that have been exposed to 5.0 mm azide in Ringer’s solution 
containing 2.0 mm potassium provides indirect evidence that the membrane 
potential is quickly restored under these conditions also. It is clear that the 
bulk ionic distribution of desheathed frog nerves does not recover with this 
rapidity. The rapid repolarization of the membrane might be accounted for in 
terms of ionic movements if the value of the membrane potential were deter- 
mined by the rates at which ions are transported across the fiber surfaces. It 
is also possible that during oxidative repolarization the membrane potential 
reflects the establishment of highly localized concentration gradients that in- 
volve the movement of quantities of ions too small to be detected by the pro- 
cedures employed in this investigation. These gradients might be due in part 
to changes in the concentrations of sodium and potassium in regions immedi- 
ately outside the nerve fibers. This idea has been invoked by Frankenhaluser 
and Hodgkin (1956) to explain the after-effects of impulses in squid axons. It 
is also conceivable that the normal electrolyte distribution is rapidly restored 
in small regions of the axons, possibly at the nodes or in a thin surface layer 
just inside the membrane. Such possibilities can be verified only through studies 
of the spatial distribution of sodium and potassium in nerve fibers. An equally 
plausible supposition is that the metabolism may play a direct role in the 
maintenance of the membrane potential of frog nerves. 


APPENDIX A 
Method of Eliminating the Extracellular Sodium 


Fig. 9 illustrates the time course of the loss of sodium from intact and desheathed 
nerves that were washed at room temperature in a solution of 118 mm chloine chloride 
and 1.8 mm calcium chloride. The results for the desheathed preparations are similar 
to those found by Shanes and Berman (1955 6) in toad nerve and to those found by 
Kmjevic (1955) and Dainty and Krnjevic (1955) in cat nerve. In all cases the curves 
are characterized by an initial large fast component followed by a slower component 
of small amplitude. These workers interpreted the fast phase as the loss of extra- 
cellular sodium and the slow portion as the loss of cellular sodium. 

This difference between the rates of loss of cellular and extracellular sodium sug- 
gested the development of a washing procedure to eliminate the extracellular ions 
from the nerves before they were extracted for analysis. To make such a procedure 
valid it was necessary to find conditions such that: (1) the extracellular sodium 
could be washed from the nerves in a time short enough to leave the cellular content 
of sodium and potassium relatively unchanged, and (2) if changes in the cellular 
content of sodium or potassium were produced experimentally, these changes would 
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not be affected by the washing procedure. Furthermore, it was necessary to demon- 
strate that various experimental treatments did not alter the kinetics of the fast 
component of the sodium-loss curve. If metabolic inhibitors, for example, were found 
to affect this component, there would be reason to doubt the hypothesis that this 
fast phase was of extracellular origin, and the basis of the distinction between cellular 
and extracellular sodium would be lost. 

The washing solution contained 118 mm choline chloride and 1.8 mm calcium 
chloride. Potassium was omitted to reduce the probability that appreciable quantities 
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Fic. 9. Time course of decrease in sodium content of intact and desheathed nerves 
washed at room temperature in a solution of 118 mm choline chloride and 1.8 ma 
calcium chloride. 


of this ion would be reabsorbed during the washing operation and because of evidence 
from other preparations that the rate of extrusion of sodium is directly related to 
the concentration of potassium in the bathing solution (Keynes, 1954; Hodgkin and 
Keynes, 1955). 

When nerves were exposed to 5.0 mm azide for 5 hours at 20°C. before washing 
them in the choline chloride solution, the amplitude of the slow component of the 
sodium-loss curve was increased. When the washing was carried out at room tem- 
perature, the increase in the amplitude of this component was difficult to estimate 
since the curves for both the control and treated nerves had a negative slope and 
were converging rather rapidly. Fig. 10 illustrates the results obtained when the 
washing was carried out in a refrigerator at 0-2°C. The increase in the amplitude of 
the slow component is quite clear in these cases and is larger for the longer exposure 
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to the poison. Furthermore, the difference between the sodium content of the control 
and treated nerves is relatively independent of the washing time. 

Radioactive Na™ was used to determine the effects of azide on the kinetics of both 
the fast and slow portions of the sodium-loss curve,‘ and the results of these experi- 
ments are presented in Fig. 11. The curves of this figure can be divided into several 
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Fic. 10. Effect of azide on the slow component of the curve describing the loss of 
sodium from desheathed nerves washed at 0-2°C. in a solution of 118 mm choline 
chloride and 1.8 mm calcium chloride. Curve A, control nerves, 5 to 10 hours in 
Ringer’s solution at 20°C. Curve B, nerves previously soaked for 5 hours at 20°C. 
in Ringer’s solution that contained 5.0 mm azide. Curve C, nerves previously soaked 
for 10 hours under the same conditions as for curve B. 


components and the effects of temperature and azide on the kinetic properties of 
each can be determined. The ruled lines in Fig. 11 delineate the slow component. 
The fast phase is a compound curve consisting of an initial portion similar to the 
curve describing diffusion from a cylinder, the later part of which is an exponential 
(Carslaw and Jaeger, 1947), and a second component of smaller amplitude that may 


‘These experiments with radioactive sodium were performed by Dr. Tomoaki 
Asano, whose present address is: Department of Physiology, School of Medicine, 
Kanazawa University, Kanazawa, Japan. 
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also be approximated by an exponential. Table III summarizes the effects of tempera- 
ture and treatment with azide on the time constants and relative amplitudes of each 
of these three components. Only the slow component was greatly influenced by these 
factors. The differential sensitivity of the slow component of the sodium-loss curve 
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Fic. 11. Time course of loss of Na™ from desheathed frog nerves washed at 2-5°C. 
in a solution of 118 mm choline chloride and 1.8 mm calcium chloride. Curve A, average 
results from six nerves loaded by soaking for 10 hours at 20°C. in radioactive Ringer’s 
solution. Curve B, average results from four nerves loaded by soaking 5 hours at 
20°C. in radioactive Ringer’s solution that contained 5.0 mm azide. Curve C, aver- 
age results from two nerves loaded by soaking for 10 hours under the same conditions 
as for curve B. 


to temperature and treatment with azide furnishes additional experimental support 
to the interpretation that this component represents cellular sodium, while the fast 
phase of the sodium-loss curve represents the diffusion of sodium from the extra- 
cellular spaces of these nerves. 

The origin of the small tail on the end of the fast phase of the sodium-loss curve 
is not clear. A similar tail has been observed previously in frog muscle by Keynes 
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(1954) and in toad sciatic nerve by Shanes and Berman (1955 6). The former author 
did not consider this tail to be entirely of extracellular origin. Since this component 
appears to be little affected by temperature changes or metabolic inhibitors, it is 
considered as extracellular sodium in this report. 

The radiosotope data show that the loss of extracellular sodium is completed in 
an hour, and enable an estimate to be made of the fraction of cellular sodium re- 
maining in the nerves after this time (Table III, Ago/Ao). From the value of Ago/Ao, 


TABLE III 


Effects of Azide and Temperature on the Various Components of the Curve Describing the Time 
Course of the Loss of Sodium from Desheathed Frog Nerves Washed in a Solution of 120 mu 
Choline Chloride and 1.8 mm Calcium Chloride 


All nerves were loaded at 20°C. 





| 
Fast eomponents Slow component 





Washi 
nae Initial Tail 
ature Ampli- i Aw/As 
Ampli- | Time | Ampli- | Time tude 
tude constant tude constant 








°, (per cent . ( cent . (per cent 
c. mun ‘ ab min. total) % per cent 


23 82.1 ; 11.5 | 18.0 7.5 ‘ 66.4 
2-5 82.0 ‘ 8.4 | 18.2 9.8 ; 72.4 
2-5 73.5 8.0 | 21.5 18.5 : 83.7 





2-5 58.5 : 9.7 | 20.2 31.0 ° 85.8 


| 
{ 


* The column labeled Aw/Ao lists the ratio of the amplitude of the slow component at 
60 minutes relative to its intercept on the axis of ordinates. 


























the time constant for the loss of cellular sodium, 7, and the sodium content after 
1 hour of washing, [Na]so, one can estimate the initial rate of loss of cellular sodium 
under the various conditions in Figs. 10 and 11. Thus: 


_(aNa [Naleo 
dt J, (Ago/Ao)T 
For curve A of Figs. 10 and 11: 


dNa es. Lae ‘a : = 
ad J, 0724X% 3.1 0 pmoles/gm. dry /hr. 


a) o_o i nen bol 
i), ana eo 


i a ae 
2. on ee 
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The initial rate of loss of sodium is approximately equal in all cases. This is consistent 
with the observation that the difference between the sodium contents of control 
and poisoned nerves is not greatly affected by the duration of the washing procedure 
when this operation is carried out in the cold. 

Fig. 12 illustrates the effects of the washing procedure on the potassium content 
of desheathed frog nerves. There is no fast component, in keeping with the fact 
that potassium is confined chiefly to the cells. The treatment with 5.0 mm azide 
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Fic. 12. Time course of the loss of potassium from desheathed nerves washed in a 
solution of 118 mm choline chloride and 1.8 mm calcium chloride at room temperature 
(solid symbols) or at 0-2°C. (open symbols). Upper curve, control nerves. Lower 
curve, nerves previously soaked for 5 hours at 20°C. in Ringer’s solution that con- 
tained 5.0 mm sodium azide. 


lowered the potassium content, and, as in the case of sodium, the difference between 
the potassium content of the control and poisoned nerves was not affected by the 
washing procedure. 

Three pairs of nerves were used to determine the quantity of potassium that was 
lost during an hour in the washing solution. One nerve of each pair was placed in 
Ringer’s solution at 20°C. for 3 hours and then transferred for an hour to the cold 
choline chloride solution, while the second nerve remained in Ringer’s solution for 
4 hours. The potassium content of the nerves which had been washed in the choline 
chloride solution averaged 17 umoles/gm. dry less than that of the controls. Since 
approximately 6 wmoles of this difference was probably the loss of extracellular potas- 
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sium, the cellular potassium content declined by 10 to 15 wmoles/gm. dry during 
the hour in the washing solution. 

The foregoing data show that the washing procedure, when carried out at low 
temperatures, fulfills the requirements that were originally specified, in that: (1) the 
extracellular sodium is removed from a nerve in about an hour, while the cellular 
content of sodium and potassium is only slightly changed in this time; (2) when 
changes are induced in the cellular content of sodium or potassium, these changes 
are not greatly affected during an hour of washing; and (3) prolonged treatment with 
azide does not alter the diffusion of sodium from the extracellular spaces. 


I am indebted to Dr. Frank Brink, Jr., for suggesting this problem, and I wish 
to thank him and Dr. C. M. Connelly for their advice and for reading the manuscript. 
I also wish to thank Dr. Tomoaki Asano for permission to include his radioisotope 
data and Dr. S. C. Cheng for allowing me to use his lactate data. It is a pleasure 
to acknowledge the capable technical assistance of Mrs. Ridge Blackwell and Miss 
Virginia Haws. 
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ABSTRACT 


Hydrogen peroxide is formed in solutions of glutathione exposed to oxygen. This 
hydrogen peroxide or its precursors will decrease the viscosity of polymers like 
desoxyribonucleic acid and sodium alginate. Further knowledge of the mechanism of 
these chemical effects of oxygen might further the understanding of the biological 
effects of oxygen. This study deals with the rate of solution of oxygen and with the 
decomposition of hydrogen peroxide in chemical systems exposed to high oxygen 
pressures. At 6 atmospheres, the absorption coefficient for oxygen into water was 
about 1 cm./hour and at 143 atmospheres, it was about 2 cm./hour; the difference 
probably being due to the modus operandi. The addition of cobalt (II), manganese 
(II), nickel (II), or zinc ions in glutathione (GSH) solutions exposed to high oxygen 
pressure decreased the net formation of hydrogen peroxide and also the reduced 
glutathione remaining in the solution. Studies on hydrogen peroxide decomposition 
indicated that these ions act probably by accelerating the hydrogen perioxide oxida- 
tion of glutathione. The chelating agent, ethylenediaminetetraacetic acid disodium 
salt, inhibited the oxidation of GSH exposed to high oxygen pressure for 14 hours. 
However, indication that oxidation still occurred, though at a much slower rate, was 
found in experiments lasting 10 weeks. Thiourea decomposed hydrogen peroxide very 
rapidly. When GSH solutions were exposed to high oxygen pressure, there was oxida- 


tion of the GSH, which became relatively smaller with increasing concentrations of 
GSH. 


When reduced glutathione solutions are exposed to high oxygen pressures, 
there is a significant production of hydrogen peroxide (1). If sodium desoxy- 
ribonucleic acid or sodium alginate were present in these solutions there was 
a decrease in viscosity which was attributed to reaction of these polymers 
with the hydrogen peroxide formed or its precursors (free radicals). These 
prooxidative effects of glutathione are inhibited by ethylenediaminetetra- 
acetic acid disodium salt (EDTA) and thiourea. It has been found that agents 


* This study was supported by funds provided under Contract AF 18(600)-556 


with the School of Aviation Medicine, United States Air Force, Randolph Air Force 
Base, Texas. 
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such as glutathione, thiourea, cobalt (II) ions, and manganese (II) ions have 
protected against the biological effects of high oxygen pressures (51, 21, 19), 
In order to gain some insight into the mechanism by which these modifying 
agents act, an investigation was made to determine some of their chemical 
effects in in vilro systems exposed to oxygen. Part of these experiments have 
previously been reported (2). 


Methods 


A volume of 12 ml. of the solution studied was exposed to oxygen for a designated 
period of time in 15 ml. gauze-stoppered glass vials. For the experiments at 2 and 6 
atmospheres, the chambers were flushed with oxygen and brought up to pressure in 
1 minute. For the experiments at 130 or 143 atmospheres, the chambers were brought 
up to pressure within 5 seconds without flushing because of technical convenience. 
At these high pressures, flushing was considered an unnecessary complication. The 
rate of oxygen absorption into the liquid phase was assumed to be exponential (3-6) 


d A . . . 
and was expressed as = = Ky = (100 — w) in which w = per cent saturation, A = 


area, V = volume, ¢ = time, and Kz, = absorption coefficient. The time at which 
the oxygen reached 50 per cent of the saturation value was designated as the half- 
time. The relation between the half-time and absorption coefficient can be obtained 
by integration of the previous equation and by using the definition of the half-time. 


, Si 0.693V . ‘ 
This relation is expressed as Tj = mA’ The saturation value was determined 
Lé 


using Henry’s law (1.26 mm O2/atmosphere at room temperature) up to 70 atmos- 
pheres’ pressure (7), but above this pressure, less oxygen becomes dissolved than is 
predicted by Henry’s law (8). From the data of Zoss et al. (8), it was estimated that 
the saturation value of oxygen at 6 atmospheres was 7.56 mm O, and at 143 atmos- 
pheres it was 138 mm O2. Throughout these experiments a volume of solution of 12 
cm.’ with a surface area of water-gas interphase of 2.66 cm.? was used. After expos- 
ure to the gas, samples of the liquid were collected into 1 ml. tuberculin syringes as 
rapidly as possible (within 20 seconds). The samples were then analyzed for oxygen 
gas in the Van Slyke apparatus. 

Hydrogen peroxide was determined by the peroxytitanic acid test as previously 
described (1). The ratio of the normality of the hydrogen peroxide found to the oxy- 
gen was expressed as a per cent. (For hydrogen peroxide, one mole is equal to two 
equivalents; whereas for reduced glutathione, one mole is equal to one equivalent.) 

An iodometric titration was utilized for the estimation of reduced glutathione 
(GSH) (Eastman Organic Chemicals or for some samples, Nutritional Biochemicals) 
(1). Glutathione concentrations were expressed as the per cent of reduced glutathione 
remaining unoxidized. 

The complexing ability of ethylenediaminetetraacetic acid disodium salt (EDTA) 
(Eastman Organic Chemicals) was determined by the removal of calcium ions, and 
the complexing ability of diethyldithiocarbamic acid sodium salt (DEDTC) (Eastman 
Organic Chemicals) was determined qualitatively by the color of the copper DEDTC 
in chloroform (9). 

For the experiments on the decomposition of hydrogen peroxide, peroxide without 
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any stabilizer was used (hydrogen peroxide (30 per cent), Baker Chemical Co., meets 
American Chemical Society specifications). The time at which 50 per cent of the 
hydrogen peroxide was destroyed was designated the half-time. If the half-time was 
longer than 1 day, the per cent of hydrogen peroxide remaining after 1 day was 
recorded. 

All the solutions used in these studies were unbuffered. 


TABLE I 
The Per Cent Oxygen Saturation Values (w) of Water Exposed to High Oxygen Pressures* 





6 atmospheres O: 143 atmospheres O: 
Duration of exposure 








Observed w Calculated » Observed w Calculated w 





min. 
5 0.8 

10 6.5 
20 ‘ " 13.6 
30 22.8 
60 : F 32.0 
60 36.1 
60t 52.8 
75 33.8 
120 " d 
180 i ' 77.6 
240 
480 
600 
960 
1020 
1800 
2120 
2760 , 100.0 


woh re 


SSINSE xo 
Cwoonaws ow 


~ 
n 
—) 

















= per cent saturation. 
* Surface area equal to 2.66 cm.2 and volume equal to 12 ml. 
t 6 ml. sample instead of 12 ml. sample. 


RESULTS 


Rate of Absorption of Oxygen.—From the per cent saturation values, it was 
calculated that the half-time was 3.3 hours at 6 atmospheres of oxygen and 
1.5 hours at 143 atmospheres of oxygen for a 12 cm.* volume with a surface 
area of 2.66 cm?. Absorption coefficients which should be independent of the 
volume and area, were calculated to be 0.936 cm./hour at 6 atmospheres and 
2.08 cm./hour at 143 atmospheres. Table I shows the comparison between the 
observed per cent saturation values and the calculated ones using the absorp- 
tion coefficients. Because the temperature could not be critically controlled, 
and because of the effects of convection currents, the observed values agree 
only approximately with the calculated ones. In spite of the errors involved 
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TABLE II 


Effect of Ions on the Net Formation of H:O2 and on GSH Oxidation in Solution Containing 
3.26 mu GSH Exposed to 6 Atmospheres of Oxygen* 





Ton added 


mN H:0: found | 


mN original GSH 


GSH remaining 
unoxidized 


Calculated mN 
H20: produced 


mN original GSH 





=f 
1 mm NaCl 
10 mu NaCl 
100 mu NaCl 


1 mu KCl 
10 mu KCl 
100 mu KCl 





per cent 
12 + 2§ 
10 + 1 
9+2 
12 
14+ 

11 + 

9 


per cent 
72 + 3 
75 + 6 
69 + 3 
65 


49 + 
59 + 
53 


per cent 
20 
18 
20 
24 


32 
26 
28 


imu K,SO, | 81 16 
10mu KO, | 80 17 


1 mm CaCl, 66 24 
10 mu CaCl 71 19 
100 mu CaCl, 56 24 


imu MgCh | 67 24 
10 mu MgCl, 3 40 40 
100 mu MgCl, | 39 36 


10 mm CoCl, | 26 
100 mu CoC], 34 





1 mM MnSO, 
10 mm MnSO, 
100 mu MnCl, 


1 mm NiCl, 
10 mm NiCl, 
100 mm NiCl, 





1 mM ZnSO, 
10 mu ZnSO, 
100 mu ZnSO, 




















* Exposed to oxygen for about 14 hours. 
¢ Previously reported (1). 

§ No. of determinations for H,O, = 29. 
|| No. of determinations for H;O, = 2. 
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with this method, it would be reasonable to consider them accurate at least 
within one order of magnitude. 

Effect of Metals and Metal-Complexing Agents on the Production of Hydrogen 
Peroxide in GSH Solutions Exposed to High Oxygen Pressures Addition of 


TABLE III 


Effect of Metal-Complexing Agents on the Net Formation of H:O: and on GSH Oxidation in 
Solutions Containing 3.26 mu GSH Exposed to High Oxygen Pressures* 





| Calculated mN 
mN HO: found GSH remaining | H2O: produced 


Complexing agent added? —_ tn No. of deter-| 


minations mN a unoxidized mN é eel 





per cent per cent per cent 
2\| 7243 20 
129 0+0 79 


a 

~ 
0.3 mu DEDTC 
3.0 mu DEDTC 


Bo 


2 84 + 8 
0 100 + 0 


nan 


0.3 mu DEDTC 
' 3.0 mu DEDTC 


2** 


88 


0.003 um EDTA 
0.03 um EDTA 
0.3 um EDTA 

3 um EDTA 

30 um EDTA 
300 um EDTA 


AAAAAY 


0.003 um EDTA 
0.03 um EDTA 
0.3 um EDTA 

3 um EDTA 

30 um EDTA 




















* Exposed to oxygen for about 14 hours. 

~DEDTC = diethyldithiocarbamic acid sodium salt and EDTA = ethylenediamine- 
tetraacetic acid disodium salt. 

§ Previously reported (1). 

|| No. of determinations = 29. 

] No. of determinations = 11. 

** No. of determinations = 3. 


divalent ions to GSH solutions exposed to 6 atmospheres of oxygen dimin- 
ished the resulting concentration of hydrogen peroxide, and the amount of 
reduced glutathione remaining (Table II). The determination of hydrogen 
peroxide or GSH was not affected by the presence of these ions. Sodium chlo- 
ride and potassium chloride had very little effect on decreasing the concen- 
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tration of either hydrogen peroxide or reduced glutathione. Calcium chloride 
and magnesium chloride had a slight effect. Cobalt (II) chloride, manganese 
(II) chloride or manganese (II) sulfate, nickel (II) chloride, and zinc chloride 
had a marked effect. 

The inhibition of GSH oxidation by two metal-complexing agents, DEDTC 
and EDTA, was investigated. Table III shows that 3 mu DEDTC or 0.3 um 
EDTA resulted in both a decrease of hydrogen peroxide and an increase of 
reduced glutathione present after exposure to 6 or 130 atmospheres of oxygen. 


TABLE IV 
Effect of Various Substances on H:Oz Decomposition 





No. of 
Substance deter- 
minations 


Mean mM H20: 


Per cent of H:0: 
at zero time 


Ty in min. after 1 day 


Control 5 1.98 





H- 


0.15 98 + 1 


50 mu MnCl, 15 
50 mu CoCl, 26 
50 mu NiCl 20 
50 mu ZnSO, 18 
50 mu MgCl; 18 
50 mu CaCl, 18 


0.08 78 + 5 
0.12 80 + 0 
0.12 98 + 0 
0.10 98 + 1 
0.10 100 + 0 
0.10 100 + 0 


Ht He Ht Ht Ht It 





0.3 mu DEDTC SS 
0.003 mu EDTA | .20 
0.3 mu EDTA 43 


0.27 79+7 
0.08 99 + 0 
0.04 100 + 0 


Ht Ht It 


+9 0 
+ 0 0 


3.26 mm thiourea | 2.13 + 0.03 42 
1 


100 ma thiourea | 2.15 + 0.05 














Control studies of decomposition of hydrogen peroxide (approximately 2 
mM, prepared from 30 per cent hydrogen peroxide) by metal ions and by 
metal-complexing agents showed only very slight changes (about 2 per cent) 
after 1 day of standing in room air (Table IV). From the impurities in the 
stock solution, the diluted solution was calculated to contain about 0.001 
uM of heavy metals (as Pb) and about 0.002 um of iron. When manganese 
(II) chloride (50 mm) or cobalt (II) chloride was added to the hydrogen per- 
oxide, its decomposition proceeded slightly faster, so that after 1 day only 
about 80 per cent of the hydrogen peroxide remained. Nickel (II), zinc, mag- 
nesium, or calcium chloride had no observable effects on hydrogen peroxide 
decomposition upon 1 day of standing. DEDTC (0.3 mm) and EDTA (0.3 
and 0,003 mm) had very little effect on hydrogen peroxide decomposition. 

In the presence of 3.26 mm GSH only 62.3 per cent of the hydrogen per- 
oxide remained after 1 day (Table V). When nickel (II) chloride (50 mm), 
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manganese (II) chloride, zinc sulfate, or cobalt (II) chloride was added to 
the system, 50 per cent or more of the hydrogen peroxide was destroyed within 
10 hours. Magnesium or calcium chloride had little effect in this system. A 
concentration of 0.3 mm DEDTC did not seem to have any effect, but when 
increased tenfold, it accelerated the decomposition of hydrogen bringing down 
the half-time to only 6 minutes. However, the chelating agent, EDTA, had 
an inhibiting effect at 0.3 mm which was still present at 0.003 mm. 


TABLE V 


Effect of Various Substances on HO. Decomposition in the Presence of 3.26 mm 
Reduced Glutathione 


| | 
No. of | M 

| ean mM H:02 : : Per Cent of H:0:2 
Substance me at zero time at after 1 day 











Control 6 .87 


H- 


62 + 3 





| 

| 
50 mu NiCl, | 
50 mu MnCh, | 
50 mm ZnSO, 
50 mu CoC: 
50 mu MgCk 
50 mu CaCk 


230 + 10 
320 + 210 
583 + 297 


0.3 mu DEDTC .67 
3.0 mu DEDTC 37 
0.003 mu EDTA .80 
0.3 mu EDTA 45 





t HHH HEHEHE 





3.26 mm thiourea .85 70 + 9 








Even after exposure for 14 hours to oxygen at 6 atmospheres, DEDTC 
(0.3 and 3.0 ma) still possessed complexing ability, but addition of 3.26 mm 
GSH destroyed this ability even in air. 

Yet, if glutathione solutions were exposed to oxygen at 130 atmospheres 
for a very prolonged period (3 to 4 weeks), a slight but significant oxidation 
was found as evidenced both by a formation of hydrogen peroxide and by a 
decrease in the concentration of reduced glutathione (Table VI). The rate of 
oxidation did not appear to change during the 70 days of exposure to oxygen. 
On the 70th day of exposure of the system, the chelating ability of the EDTA 
(as measured by calcium removal) was not found to be changed. 

Effect of Thiourea on the Decomposition of Hydrogen Peroxide.—Thiourea 
rapidly decomposed hydrogen peroxide either in the absence (Table IV) or in 
the presence of 3.26 mm GSH (Table V). 

Effect of Varying Oxygen Pressures, and GSH Concentration on the Oxidation 
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of GSH.—Table VII shows that if the concentration of glutathione was kept 
constant, the formation of hydrogen peroxide was increased with increasing 
oxygen pressures. If the oxygen tension was kept constant, there was a de- 


TABLE VI 
Effect of 130 Atmospheres Oz on 3.26 mu GSH Containing 0.3 mu EDTA 





Calculated 
mN H:0: produced 


mN original GSH 


_mN H:20: found 
mN original GSH 


Duration o 
exposure 


GSH remaining 
unoxidized 








days per cent per cent per cent 


3 100 0 

9 | 100 0 
21 | 97 2 
28 | 89 6 
42 | 80 11 
70 | 38 | 33 











TABLE VII 


Effect of Varying O2 Pressures and GSH Concentrations on H,O;, Production Expressed in 
mN H,O, 
— 100 
mN original GSH 








Duration of 
exposure 


Original GSH 


Os: pressure in atmospheres 





in mN 


2 


6 





hrs. 
2 





1 


10 
100 


1 


10 
100 


1 
3.26 

10 

100 





30 

23.3 

10.4 
0.88 


64 
66.3 
59.6 
10.40 








crease in the relative hydrogen peroxide formation with increasing concentra- 
tions of glutathione. The oxidation of glutathione was generally increased 
with duration of exposure to oxygen as judged by hydrogen peroxide forma- 
tion (Table VII). 
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DISCUSSION 


Absorption of Oxygen in Liquid Systems.—Since it is to be expected that 
both the in vilro and in vivo effects of oxygen would be directly dependent 
upon the concentration of oxygen in the liquid phase, the factors influencing 
the rate of absorption are of paramount importance in determining the effects 
of oxygen. The importance of correlating the effects of oxygen tension with 
the concentration of oxygen in the liquid phase has been discussed by others 
(10, 11). Factors which can influence the concentration of oxygen in the liquid 
phase are: (1) the time of exposure, absorption coefficient, volume, and surface 
area of the liquid (see equation in Methods); (2) the solubility (saturation 
value) of the oxygen, which can be modified by pressure (Henry’s law); (3) 
chemical reactions of oxygen; (4) diffusion and convection currents. Other 
variables such as solutes and temperature can influence these factors. Mis- 
leading conclusions from experiments dealing with the effects of oxygen can 
result if these factors are not adequately taken into account. For instance, 
in our experiments when the liquid volume was decreased from 12 to 6 cm.* 
(Table I), the rate of absorption was increased. The influence of temperature 
is illustrated in the experiments of Malamed (12) who found that at a given 
pressure of oxygen, the toxic effect on frog embryos was augmented if the 
temperature was lowered; he explained this on the basis of increased solubility 
of the gas. The role of chemical reactions as a factor in determining gas ab- 
sorption has been quantitatively studied by Davis and Crandall (13). Con- 
vection currents are difficult to assess quantitatively, but their significance 
is certainly not to be overlooked. Hutchinson and Sherwood (14) found that 
the absorption coefficients for oxygen in their system were 0.41 cm./hour 
when there was no stirring of the liquid and increased to 7.64 cm./hour when 
the stirring speed was increased to 1025 R. Pp. M. In our systems, the absorp- 
tion coefficient at 6 atmospheres of oxygen was 0.936 cm./hour and at 143 
atmospheres was 2.08 cm./hour. The difference between these two values is 
most easily explained on the basis of an increased convection factor due to 
the modus operandi: the 6 atmospheres were attained in 1 minute and the 
143 atmospheres in 5 seconds. Since the values are within the range reported 
by Hutchinson and Sherwood using 1 atmosphere of oxygen, there is no reason 
to attribute any important influence to pressure per se. It is evident that in 
organisms containing circulatory systems, an increased blood flow, for in- 
stance, would be analogous to stirring liquids in in vilro systems. Because of 
the experimental difficulties, the absorption coefficient for oxygen could change 
perhaps within an order of magnitude. Therefore, no attempt was made to 
describe mathematically the kinetics of the glutathione oxidation. 

In the experiments reported by Barron (15), several systems were exposed 
to high oxygen pressures for only 20 minutes, but there was no mention of 
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the volume to area ratio. However, if the ratio was not much smaller than 
the one used in the present study, it becomes evident that his systems were 
no where near equilibrium at the time of his measurements. Barron, himself, 
noted that stirring his system did increase the amount of oxidation. In our 
previous study (1) and in the present one, the solutions were exposed to oxy- 
gen for about 14 hours after which they were almost saturated with oxygen. 
Thus, the exposure of solutions to high oxygen pressures might show only 
minimal changes unless enough time is allowed for sufficient oxygen to enter 
solution. The duration of the induction period for oxidation of fatty acids 
(16) may be influenced by this factor. 

Effects of Metals and Metal-Complexing Agents on the Production of Hydrogen 
Peroxide in GSH Solutions and Exposed to High Oxygen Pressure.—(a) Effect 
of metals on hydrogen peroxide production in GSH solutions exposed to high 
oxygen pressure. It has been reported that manganese (II) ions (17-19) and 
cobalt (II) ions (17-21) protect biological systems against the toxic effects of 
high oxygen pressure. Thus, it became of interest to investigate the possibility 
that these and other ions might modify the amount of hydrogen peroxide 
formed in solutions of GSH exposed to high oxygen pressures. It was found 
that, in general, divalent cations not only decreased the net amount of hydro- 
gen peroxide found after exposure to high oxygen pressure, but also decreased 
the amount of reduced glutathione remaining after exposure. Although the 
actual total production of hydrogen peroxide could not be measured, an esti- 
mate of this value was attempted. GSH oxidation by oxygen can be sum- 
marized by the following equations (1): 


X GSH + 4X 0, — 4X H,0; + 4X GSSG 
Y GSH + 4Y H,0; — Y H,O + $Y GSSG 





(X + Y) GSH + 4X 0; 4(X — Y) H:0.+ YHO+iX+¥)GSSG 6) 


If there are no further appreciable oxidations, then the net formation of hy- 
drogen peroxide in equivalents would be equal to (X — Y) [(in moles, it would 
be 4 (X — FY) and the equivalents (or moles) of GSH oxidized would equal 
(X + Y)]. The actual total production of hydrogen peroxide in equivalents 
should be equal to X and should correspond to one-half the net formation of 
hydrogen peroxide in equivalents plus one-half the equivalents of GSH oxi- 
dized. The total production of hydrogen peroxide was calculated on this basis 
and included in Tables II, III, and VI. The maximum production of hydrogen 
peroxide would occur when all the GSH is oxidized by the oxygen as in Equa- 
tion 1, and when no GSH is oxidized by the hydrogen peroxide as in Equation 
2. A tendency to this maximum production occurred in our experiments at 
130 atmospheres of oxygen for which the calculated total production of hydro- 
gen peroxide was 79 per cent (Table III). The calculations in Table II show 
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that the divalent cations increased the total production of hydrogen peroxide, 
even though the net amount actually diminished. These apparently paradoxi- 
cal results could be plausibly explained by postulating an acceleration of 
hydrogen peroxide decomposition by these divalent ions. The experiments 
discussed below were designed to test this possibility. 

(b) Effects of Metals on the Decomposition of Hydrogen Peroxide Solutions.— 
We found that pure solutions of hydrogen peroxide were quite stable as pre- 
viously reported by Rice (22). The decomposition of hydrogen peroxide was 
not affected by nickel (II), zinc, magnesium, or calcium ions, and was only 
slightly accelerated by manganese (II) and cobalt (II) ions. Reports in the 
literature mention that cobalt (IT) and nickel (IT) ions can catalyze hydrogen 
peroxide decomposition (23), but only slowly (24). Other reports indicate that 
calcium (25-27), magnesium (26, 27), zinc (27), cobalt (II) (27), manganese 
(27), and nickel (II) (27) ions have little or no effect on the rate of hydrogen 
peroxide decomposition. 

Since the metal ions alone had practically no effect on the decomposition 
of hydrogen peroxide, these experiments were repeated with the addition of 
GSH to the system. In this connection it should be mentioned that GSH can 
be oxidized by hydrogen peroxide (28), and this would explain the accelera- 
tion of its decomposition by GSH in our experiments. In the presence of GSH, 
magnesium and calcium ions had hardly any effect, but nickel (II), manga- 
nese (II), zinc, and cobalt (II) ions greatly accelerated the peroxide decompo- 
sition. An explanation for these results might be that the divalent cations 
would form complexes with GSH and that these complexes, except in the 
case of magnesium or calcium, would be easily oxidized by hydrogen peroxide. 
Glutathione has been reported to complex with calcium (29) and with zinc 
(30). The oxidation of GSH by oxygen has been reported to be catalyzed by 
copper (II) ions (31-33) and to a slight extent by small amounts of cobalt 
(IT) ions (31). No effect on GSH oxidation was obtained with small amounts 
of manganese (II) and nickel (II) ions, but an inhibition was obtained with 
zinc ions (31). It is surprising to note that iron will catalyze GSH oxidation 
by hydrogen peroxide (28) but not by molecular oxygen (31). 

The above considerations suggest that in the presence of divalent ions a 
part of the hydrogen peroxide formed by GSH in high oxygen pressure is 
used to oxidize part of the GSH to GSSG, and is itself destroyed in the proc- 
ess. The over-all effect would result in less reduced glutathione and less hydro- 
gen peroxide present. The action of these ions cannot be explained by cataly- 
sis, since large concentrations were necessary to obtain maximum effects. 
Further work with zinc would be of interest since it had the same effect as 
the other ions in spite of its reported inhibition of GSH oxidation (31). In 
plant tissues, cobalt (II) inhibited and manganese accelerated peroxigenesis 
(20, 34). The influence of cobalt (II) and manganese (II) ions on hydrogen 
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peroxide decomposition may play some role in the effect of these agents in 
oxygen poisoning. In this connection, it is of special interest to mention that 
obligate bacteria have been made to grow successfully in air, if small amounts 
of cobalt (II) ions (35) were present in the nutrient solution. Significant pro- 
duction of hydrogen peroxide was reported to occur in anaerobic bacteria 
exposed to air (36-38). 

(c) Effect of Metal-Complexing Agents on Hydrogen Peroxide Production in 
GSH Solutions Exposed to High Oxygen Pressures.—Adequate concentrations 
of DEDTC and EDTA inhibited the oxidation of GSH by high oxygen pres- 
sure. These agents decreased not only the net, but also the total hydrogen 
peroxide produced. These results would also explain why EDTA inhibited 
the viscosity decrease produced by high oxygen pressure in desoxyribonucleic 
acid solutions containing GSH (1). EDTA also prevented the decomposition 
of hydrogen peroxide solutions by GSH. A concentration of 0.3 um EDTA 
was sufficient to produce inhibition of GSH oxidation. Traces of copper pres- 
ent in the system were detected by mass spectrography (analysis kindly per- 
formed by Dr. L. T. Steadman) and were estimated to be in the order of 0.1 
uM. It would seem reasonable to conclude that EDTA chelated the copper 
and thus prevented its catalytic action. Since DEDTC loses its complexing 
ability in solutions of low pH (39), it is not surprising to find that the com- 
plexing ability of DEDTC was inhibited in 3.26 mm GSH solutions, which 
possess a pH of about 3.5. Thus, more DEDTC was required to remove trace 
metals which can catalyze GSH oxidation. It might also be interesting to 
mention here that Alexander ef al. (40) found that metal-complexing agents, 
including EDTA and DEDTC, decreased the x-ray degradation of poly- 
methacrylic acid. 

From a theoretical point of view, it is important to mention that prolonged 
exposure to oxygen of GSH solutions in an excess of the metal-chelating agent, 
EDTA, resulted in a very slow but nevertheless measurable non-catalyzed 
oxidation, a fact which is consistent with the idea that catalysts will change 
the rate only, but not the reaction itself. Since the rate of oxidation of GSH 
did not increase appreciably up to 70 days, it would seem that the reaction 
proceeds without a chain utilization of oxygen. In this connection, it is inter- 
esting to note that Barr and King (41) reported an absence of chain utiliza- 
tion of oxygen by ascorbic acid, and suggested that the protective effect 
against radiation damage in biological systems by substances like ascorbic 
acid, thiourea, tocopherol, and hydroquinone might be due to their action of 
limiting extended chain utilization of oxygen. These authors also mentioned 
that protective substances of this class are characterized by their ease of oxi- 
dation and by their ability to form one-electron oxidation products. Gluta- 
thione also fits into this class of substances in the presence of metal catalysts. 

Effect of Thiourea on the Decomposition of Hydrogen Peroxide.—Because 
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thiourea has been reported to give a positive sulfhydryl test (42), it was sur- 
prising to find that this substance acted differently from GSH when sub- 
mitted to high oxygen pressure. Thiourea inhibited hydrogen peroxide pro- 
duction in the presence of GSH and oxygen, and prevented the viscosity 
decrease of desoxyribonucleic acid in the presence of GSH and oxygen (1). 
Thiourea has also been reported to inhibit the decrease in desoxyribonucleic 
acid viscosity caused by x-irradiation (43). Thiourea protected mice against 
6 atmospheres of oxygen (21). Part of these actions might be explained by the 
acceleration of hydrogen peroxide decomposition caused by thiourea (Tables 
IV and V). This observation is in agreement with the results reported by 
Randall (44). 

Effect of Glutathione Concentration on Hydrogen Peroxide Production.—Our 
results show that the oxidation of GSH is decreased as the GSH concentration 
is increased. Oxidation by oxygen of ascorbic acid (45) or of sodium sulfite 
(46) is also decreased as the concentration of these chemicals is increased. 
Fuller and Crist (46) showed that at least part of this decreased oxidation of 
sodium sulfite was due to the limiting rate of solution of oxygen. At least part 
of the decreased oxidation of GSH and ascorbic acid could be attributed to 
the limiting rate of solution of oxygen. Our experiments indicated that a sub- 
stance like GSH, which is considered to be an antioxidant, can also act as a 
prooxidant. This is not surprising since it is known that antioxidants can act 
as prooxidants (47-49) depending on the condition. A toxic effect of GSH 
in vivo has been attributed to a prooxidative property (50). On the other hand, 
GSH has been shown to lengthen the survival time of mice exposed to 6 atmos- 
pheres of oxygen (21, 51), but to decrease it at 1 atmosphere (21). The latter 
can be interpreted as an activation of oxygen by glutathione, an effect which 
can be described as prooxidative. Yet, in vivo GSH could act as a chain 
breaker, and also be oxidized in preference to essential cell constituents and 
by doing so act as an antioxidant. A pertinent discussion on how substances 
can act as either antioxidants or prooxidants depending upon the circum- 
stances has been recently published (49). The removal of metal catalysts by 
chelating agents such as EDTA, and the inhibition of oxidation by inclusion 
(52) should also be taken into account when analyzing the effects produced 
by substances which can influence systems exposed to oxygen. 
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ABSTRACT 


Group I reflex functions, namely monosynaptic reflex transmission, facilitation 
of synergists, and direct and disynaptic inhibition, show early post-tetanic poten- 
tiation following conditioning with a brief, high frequency, tetanus. Of these reflex 
functions, monosynaptic transmission always shows low frequency depression. 
Direct inhibitory pathways, and therefore inhibitory junctions, are insensitive to 
low frequency depression. The fact that direct inhibition can be potentiated shows 
it to be sufficiently labile that a decrease in efficacy at inhibitory junctions during 
repetitive activity should be revealed. Disynaptic inhibition often shows low fre- 
quency depression. As it is likely that inhibitory junctions in the direct and disynaptic 
pathways are similar, the low frequency depression of disynaptic inhibition is prob- 
ably due to the properties of the excitatory relay between afferent fibers and inter- 
neurons in that pathway. Facilitation between synergists is often more depressed 
when the conditioning and testing volleys are nearly simultaneous than when they 
are separated by 1 to 1.5 msec. This result indicates that an early and rapid phase 
of action, responsible for homonymous and heteronymous transmission, is more 
sensitive to low frequency depression than is residual facilitation. In general, reflex 
transmission is more sensitive than are other aspects of action by group I fibers to 
events concurrent with and following repetitive activation. 


INTRODUCTION 


Effectiveness of monosynaptic reflex transmission has long been known to 
vary inversely with the rate of stimulation which is used to evoke the response 
under study. The depressed excitability which follows a single orthodromic 
volley was described by Brooks, Downman, and Eccles (1950), while the de- 
pression which accompanies repetitive activation of a monosynaptic pathway 
was first studied extensively by Jefferson and Schlapp (1953). Recent work 
(Lloyd and Wilson, 1957) has shown that the period of depression which fol- 
lows motoneuron response can be divided into two phases: (1) early, or high 
frequency, depression, lasting approximately 100 msec. and due largely to 
subnormality in motoneurons; (2) late, or low frequency, depression, lasting 
as long as 20 seconds and presynaptic in origin. Degree of late depression de- 
pends upon a number of factors influencing reflex excitability, but the phenom- 
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enon itself is regularly found in all preparations. The origin of late depression 
has been ascribed by some authors to reduced synaptic efficacy caused by de- 
pletion of chemical mediator (Beswick and Evanson, 1957). However, increases 
in stimulation frequency lead first to enhanced depression and subsequently to 
early post-tetanic potentiation (Beswick and Evanson, 1955), a sequence of 
changes difficult to explain by hypotheses postulating transmitter depletion. 
Lloyd and Wilson (1957) have suggested that late depression may originate in 
an action of presynaptic terminals upon motoneurons. This depressant action 
would be counteracted by the hyperpolarization of the terminal regions of the 
afferent nerves which is produced by repetitive activity. Following high fre- 
quencies of stimulation the hyperpolarization becomes predominant and gives 
rise to early post-tetanic potentiation. 

Beswick and Evanson (1957) recently have studied low frequency depression 
of direct inhibition and of facilitation between synergistic muscles. They find 
that direct inhibition is not susceptible to low frequency depression, but that 
mutual facilitation of two synchronously evoked synergistic reflexes usually is. 
The experiments to be described here concern themselves with a further analy- 
sis of the effects of repetitive activation on various reflex actions of group I 
afferent fibers. A report of these experiments was made to the American 
Physiological Society in September, 1957 (Wilson, 1957). 


Methods 


Decapitate cats were used in all experiments. Laminectomy was performed in the 
usual manner, and the appropriate ventral roots were cut distally for recording. 
The spinal cord was covered by a pool of warm mineral oil, the temperature of which 
was kept steady throughout the experiment. A number of peripheral muscle nerves 
then were prepared for stimulation. 

Early Potentiation —All of these experiments involved the conditioning (facilita- 
tion, inhibition) by one pathway of the monosynaptic reflex elicited by stimulation 
of another pathway. Tetanization of the conditioning pathway led to changes in the 
ability of a later volley in this pathway to condition the test reflex (early potentiation 
of facilitation or inhibition). Simultaneously, early potentiation of transmission was 
also obtained: tetanization of the conditioning nerve is followed by increases in the 
monosynaptic reflex elicited by a subsequent single volley in this same nerve (Eccles 
and Rall, 1951; Lloyd, 1952). 

One stimulator, also used to trigger the oscillograph sweep, was used to provide 
a gate for a second stimulator which was set to deliver a train of shocks, of desired 
frequency and duration, to the nerve used for conditioning. A delayed trigger in the 
oscilloscope provided, at any desired time after the start of the sweep of the first 
beam, a pulse which was used to trigger (1) the second beam and (2) two other stim- 
ulators, one of which provided a single conditioning stimulus, the other the test 
shock. In this manner, a conditioning and a testing shock, kept in constant time 
relation to each other, could be delivered at a variable interval after the end of a 
previous tetanic burst. In all cases, the conditioning complex, consisting of a tetanus 
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and subsequent single conditioning shock, was delivered to one nerve and the test 
shock to another. The procedure which was followed in measuring early potentiation 
of transmission and facilitation or inhibition, and which led to results such as those 
shown in Figs. 2 to 4, is illustrated in Fig. 1. In every experiment a large number of 
test reflexes, not preceded by the single conditioning shock, were recorded first (Fig 


Fic. 1. Illustration of experiment on early potentiation of direct inhibition, with 
gastrocnemius inhibiting deep peroneal. The stimulus artifacts and reflex responses 
are shown at a very slow sweep speed on the upper beam; the lower beam shows, at 
a fast sweep speed, that part of the first beam on which the reflex responses appear. 
rhe duration of the conditioning tetanus, and the interval between the tetanus 
and subsequent conditioning-testing pair are measured on the upper beam. The size 
of the test reflex and of the monosynaptic reflex resulting from stimulation of the 
conditioning pathway, as well as the interval between the single conditioning stimulus 
ind the test stimulus, are measured on the lower beam. For further explanation, see 

lime marker for upper beam, 100 msec.; for iower beam, 1 msec. 


, every sixth or seventh being preceded by a tetanus of the conditioning pathway 
1 6). In some cases the effect of such a tetanus was a severe depression of the 
st reflex at the shorter intervals (150 to 200 msec.) used in the experiments. The 


lrequency and intensity of the conditioning tetanus then were so adjusted that the 


; 
te 


effect of this tetanus on the test response was either absent or small when compared 
to the changes observed during potentiation. Then, the test system was stimulated 


at intervals of one shock every 7 seconds. The first two test responses were uncondi 
ioned (Fig. 1 c). The next two test shocks were preceded at an appropriate interval 
by a single conditioning volley (Fig. 1 d). Finally, such a conditioning-testing pair 
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was preceded by a tetanus of the conditioning nerve (Fig. 1 e). Ten such sequences 
were photographed at each of various intervals after the end of the tetanus. Thus, 
every point on a graph, such as those in curve B of Fig. 2, is derived from twenty con 
trol unconditioned test responses, twenty conditioned tests, and ten conditioned tests 
preceded by a tetanus. In experiments such as the one illustrated in Fig. 2, where 
changes in two different responses are being measured, the test reflex and the mono 
synaptic reflex resulting from stimulation of the conditioning pathway were recorded 
in the same ventral root. Temporal separation between the two reflexes was sufficient 
so that both could be measured (Figs. 1d, 1 e). Tetani at frequencies of 500 to 800 
second and approximately 200 msecs. in duration were used. Following each tetanus, 
at least 1 minute was allowed to elapse before the next sequence was begun. With 
such spacing the effects of the tetanus had worn off before the start of the next de 
termination. 

Low Frequency Depression—To study direct inhibition, disynaptic inhibition, 
and facilitation, control measurements of the degree of conditioning were obtained 
first. This was done by delivering the conditioning and testing shocks, in fixed time 
relation to each other, at low frequency, usually 0.1 or 0.2/second. The test stimulus 
then was kept at this frequency, while the frequency of the conditioning stimulus 
was raised. Whenever a test shock was inserted during the train of conditioning stim 
uli, it always followed a conditioning shock by the fixed time interval used throughout 
the experiment. The highest rate of repetition used in the conditioning system was 
4/second, a frequency which has always been found to give considerable depression 
of homosynaptic transmission. The control and conditioned test responses, as well 
as the monosynaptic reflex response to the conditioning volley, were recorded in the 
same or neighboring ventral roots. 


RESULTS 
1. Early Post-Tetanic Potentiation of Group I Reflex Functions 


Following short, high frequency, tetani, synaptic transmission is greatly 
enhanced, with the maximal effect observed approximately 150 msec. after the 
end of the tetanus (Eccles and Rall, 1951; Lloyd, 1952). Thus, while repetitive 


stimulation causes depression of reflex transmission and more rapid stimulation 
causes greater depression, still further increase in the frequency of activation 
leads to a reversal from increased depression to early post-tetanic potentiation 
(Beswick and Evanson, 1955). The same phenomena have been looked for in 
pathways which subserve direct inhibition, disynaptic inhibition, and mono- 
synaptic facilitation between synergists. 


Fig. 2 shows the results of two experiments on direct inhibition. In this, as 
in all subsequent figures, 100 per cent inhibition or facilitation refers to the 
level of conditioning obtained in the controls. Increments in inhibition or fa- 
cilitation, expressed in terms of the control level, are plotted upwards. Decrease 
in inhibition or facilitation, where present, is plotted downwards in all graphs. 
In both of the experiments illustrated, the monosynaptic reflex evoked by 
stimulation of the deep peroneal nerve served as the test system and one or bot! 
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branches of the gastrocnemius nerve were used for conditioning. In the first 
experiment, it was possible to measure the early potentiation of the mono- 
synaptic reflex discharge evoked by the conditioning volley (dots-A) and the 
early potentiation of direct inhibition (circles-B). In the second experiment, 
early potentiation of inhibition only was measured (triangles-B). It can be 
seen that both reflex transmission and direct inhibition are potentiated, the 
former being much more powerfully affected. Figs. 3 and 4 show that the 
disynaptic inhibition of gastrocnemius motoneurons by afferent volleys in the 
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Fic. 2. Combined result of two experiments on early potentiation of direct inhibi- 
tion, with gastrocnemius inhibiting deep peroneal in both cases. Curve A shows 
potentiation of gastrocnemius monosynaptic reflex discharge, curve B potentiation of 
direct inhibition. In the first experiment (circles, dots) the control level of inhibi- 
tion was 37 per cent, the conditioning-test interval 0.9 msec. A tetanus 220 msec. 
in duration, at 650/sec., was used. Temperature 37°. In the second experiment (tri- 
angles) control inhibition was 29 per cent, stimulus interval 1.0 msec. Tetanus was 
240 msec. at 800/sec. Temperature 36.5°. Note different ordinate scales used in the 
figure. For further explanation, see text. 


nerve to flexor longus digitorum (Laporte and Lloyd, 1952), and also facilita- 
tion between synergists, in this case the two heads of gastrocnemius, can be 
potentiated in a similar way. A regular observation, illustrated in Figs. 2 to 4, 
was that early potentiation of reflex discharge is more striking than early 
potentiation of other group I reflex functions. 


2. Effect of Repetitive Stimulation on Direct and Disynaptic Inhibition 


All the experiments on direct inhibition involved interaction between the 
antagonistic ankle flexors and extensors. The nerves to the two heads of 
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gastrocnemius and the deep peroneal nerve were used interchangeably for 
testing and conditioning, and the interval between the conditioning and testing 
volleys was set routinely for maximal inhibition. Stimuli just supramaximal 
for group I were used throughout. 

A series of experiments has confirmed the observation of Beswick and 
Evanson (1957) that direct inhibition is not modified in degree by increase in 
the frequency of the conditioning response. This is the case even though simul- 
taneously recorded homosynaptic reflex transmission may be strongly de- 
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Fic. 3. Effect of a tetanus 220 msec. in duration and at the frequency of 600/sec. 
on the disynaptic inhibition exerted by a volley in the nerve to flexor longus digi- 
torum on gastrocnemius monosynaptic reflex. Curve A shows potentiation of flexor 
longus monosynaptic reflex discharge, curve B potentiation of disynaptic inhibition. 
Control level of inhibition 47 to 59 per cent. Stimulus interval 1.4 msec. Temperature 
36.7°. The measurement made 270 msec. after the end of tetanus was affected by 
a shift in gastrocnemius controls. 


pressed. An experiment which illustrates this finding is shown in Fig. 5. Al- 
though some changes in the depth of inhibition have been seen, consisting at 
different times of small and irregular increases or decreases in the inhibition, 
unequivocal low frequency depresssion of direct inhibition, increasing with in- 
creasing frequency, has not been observed. 

Similar experiments have been performed with the disynaptic inhibition of 
gastrocnemius monosynaptic reflexes by afferent volleys in the nerve to flexor 
longus digitorum. Fig. 6 illustrates an experiment in which disynaptic inhibi- 
tion clearly showed low frequency depression. Although low frequency depres- 
sion of the disynaptic inhibitory pathway was not found in all instances, it was 
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Fic. 4. Effect of tetanus 290 msec. in duration at the frequency of 700/sec. on 
facilitation of lateral gastrocnemius reflex by medial gastrocnemius volleys. Curve 
A shows potentiation of medial gastrocnemius reflex discharge, curve B potentiation 
of facilitation. The control degree of facilitation varied due to changes in the size 


of the test reflex, but did not go below 50 per cent. Stimulus interval 1.5 msec. Tem- 
perature 36.5°. 
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Fic. 5. Effect of frequency changes on the direct inhibition of the gastrocnemius 
reflex by a volley in the deep peroneal nerve. Test shock frequency 0.1/sec. Control 
inhibition level 67 per cent, stimulus interval 0.9 msec. Temperature 36.6-38.0°. 
Curve B shows effect of increasing the frequency of the conditioning stimulus on the 
monosynaptic reflex evoked by this stimulus. Curve A shows the lack of low fre- 
quency depression of direct inhibition. 
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seen frequently enough to show this pathway sensitive to changes brought about 
by repetitive stimulation. 


As first described by Renshaw (1941), discharge of motoneurons, whether evoked 
antidromically or orthodromically, may exert significant inhibitory action on the 
excitability of neighboring motoneurons. This type of inhibition, which is best de- 
scribed as recurrent inhibition (Brooks and Wilson, 1958), can play no role in those 
of the present experiments which involve interaction of gastrocnemius and tibialis 
anterior, as it has been shown that the inhibitory action is restricted to nuclei in close 
proximity within the same segment of the spinal cord (Renshaw, 1941). Antidromic 
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Fic. 6. Low frequency depression of the disynaptic inhibition of gastrocnemius 
reflex by stimulation of the nerve to flexor longus. Test shock frequency 0.2/sec. 
Control inhibition level 42 to 48 per cent, stimulus interval 1.4 msec. Temperature 
36°. Low frequency depression of reflex transmission in the conditioning pathway is 
shown in curve B, low frequency depression of disynaptic inhibition in curve A. 


stimulation of gastrocnemius or tibialis anterior nerves exerts no inhibitory effect 
on the motoneurons of the antagonist (Renshaw, 1941; Eccles, Fatt, and Koketsu, 
1954). A somewhat different situation prevails, however, in the case of interaction 
between flexor longus and gastrocnemius, as these two nuclei may be in sufficiently 
close proximity to each other in the ventral horn that discharge of flexor 
longus motoneurons may exert an inhibitory action on some gastrocnemius 
motoneurons (Eccles, Fatt, and Koketsu, 1954). If discharge of flexor longus cells 
does condition gastrocnemius motoneurons, it would superimpose an additional 
inhibitory effect on the disynaptic inhibitory action. Such added inhibition would be 
decreased rather than increased at higher frequencies, for the number of flexor longus 
motoneurons that discharge is decreased. Recurrent inhibition acts with a very short 
latency. Although very brief, the interval between conditioning and test volleys in 
the disynaptic inhibition experiments is such that the discharge of flexor 
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longus motoneurons might occur sufficiently in advance of the arrival of the test 
volley to permit recurrent inhibition of the test system to take place. For several 
reasons, however, it seems that this type of interaction can be discounted as a factor 
in these experiments. Firstly, the response of flexor longus motoneurons to the con- 
ditioning volley usually appeared only in the seventh lumbar ventral root, whereas 
the test response of gastrocnemius motoneurons, while seen in both seventh lumbar 
and first sacral roots, was measured in the latter; thus, the two discharges involved 
pertained to different segments. Secondly, low frequency depression of disynaptic 
inhibition varied in degree during some experiments. If change in recurrent inhibition 
were an important factor in the observed low frequency depression of disynaptic in- 
hibition, changes in the latter should be correlated with changes in the low frequency 
depression of the reflex response to the conditioning volleys. Such a relationship was 
not observed. Finally, it has been demonstrated that recurrent inhibition is 
an important factor only in such cases in which the test response is weak, the anti- 
dromic volley powerful (Lloyd, 1946). In the present experiments the test response 
was generally powerful, and antidromic inhibitory effects would again be minimized. 
For all these reasons, it can reasonably be assumed that any frequency-dependent 
changes in the depth of disynaptic inhibition at various frequencies of stimulation 
of the conditioning pathway are not due to changes in recurrent inhibition and do 
represent true low frequency depression of the disynaptic inhibitory path. 


3. Low Frequency Depression of Facilitotion 


The facilitating action which a group I volley, evoked simultaneously with 
the test volley, exerts on the monosynaptic reflex of a synergic muscle is de- 
pressed by repetitive activation of the conditioning pathway (Beswick and 
Evanson, 1957). This low frequency depression of facilitation has been in- 
vestigated further in the present experiments. 

Variable results were obtained in the early experiments. While reflex response 
to the conditioning volleys was consistently depressed, facilitation was some- 
times reduced, at other times irregularly affected. Even when low frequency 
depression of facilitation was observed, this depression was always less powerful 
than the simultaneously measured depression of reflex transmission. It seemed 
possible that lack of regularity in the effect of frequency on the facilitating 
potentiality of group I volleys might in part be due to the variable (from one 
experiment to another) 1 to 1.5 msec. interval between conditioning and 
testing volleys. In order to test this possibility, a series of experiments was 
performed in which degree of low frequency depression was measured at differ- 
ent conditioning-test intervals, and, therefore, at different strengths of facilita- 
tion. For these experiments preparations were picked in which stimulation of 
one branch of gastrocnemius, to be used for testing, evoked a monosynaptic 
reflex, and in which stimulation of the other branch evoked no visible reflex 
response, but did result in facilitation of the test reflex. 

Fig. 7, which demonstrates a common experimental finding, shows an experi- 
ment in which two depression curves were obtained. In one case, conditioning 
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and test stimuli were almost synchronous; in the other, the two shocks were 
separated by 1.3 msec. It can be seen that in the former case (curve B) there is 
low frequency depression of facilitation, but that this depression is reduced in 
degree as the interval is increased (curve A). In some preparations increasing 
the interval within the range studied, namely .1 to 1.5 msec., had no effect on 
the depression. Greater intervals were avoided, since even with volleys just 
supramaximal for group I, there is, at these greater intervals, interference from 
reflex actions other than the facilitation under study. 
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Fic. 7. Low frequency depression of the facilitation of one branch of gastrocnemius 
by the other. In A, stimulus interval of 1.3 msec., control facilitation 75 to 105 per 
cent. In B, interval of 0.1 msec., control facilitation 750 to 790 per cent. Test shock 
frequency 0.1/sec. Temperature 37.0°. 


DISCUSSION 


Early post-tetanic potentiation has been linked to hyperpolarization of 
presynaptic terminals (Lloyd, 1952). The efficacy of all such terminals should 
be similarly affected by hyperpolarization. Therefore, the only requirement 
for overt increased action in any given pathway following a short, high fre- 
quency tetanus appears to be the existence of an adequate subliminal fringe. 
The finding that early potentiation exists in all of the actions studied, namely 
direct inhibition, disynaptic inhibition, and monosynaptic facilitation, is 
evidence of the presence of such a fringe. 

The irregular changes in the depth of direct inhibition which have been 
observed occasionally following changes in the frequency of conditioning 
stimulation can probably be ascribed to excitability fluctuation in the spinal 
cord. Absence of low frequency depression in the direct inhibitory pathway 
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sheds no light on the question of the presence or absence of an interneuron in 
this path, since the interneurons studied by Eccles, Fatt, and Landgren (1956), 
which they assume to be involved in the direct inhibitory action, are capable of 
responding to high frequencies of stimulation. Therefore, as pointed out by 
Beswick and Evanson (1957) the presence or absence of low frequency depres- 
sion in the direct inhibitory path depends upon the properties of the inhibitory 
junctions at the motoneuron. Beswick and Evanson have suggested different 
explanations to account for the absence of low frequency depression at this 
point. One possibility put forward by these authors is that the hypothetical 
inhibitory transmitter substance is so potent, that even if depleted, it is still 
capable of exerting an inhibitory action too powerful for the excitatory volley 
to overcome. Alternatively, they suggest that the distribution of inhibitory 
synaptic knobs is dense enough to make up for depletion. Both of these basically 
similar explanations, by suggesting that decrease in inhibitory action would 
not be revealed, also imply that increase in inhibitory action should have no 
visible effect. This, however, is not the case. The experiments on early potentia- 
tion show that direct inhibitory action can be enhanced, just as it is during late 
post-tetanic potentiation (Lloyd, 1949). Since inhibition can be potentiated, it 
must be sufficiently labile to reveal decreases in effectiveness at the inhibitory 
junctions. It is, therefore, likely that there is no reduction of efficacy at inhibi- 
tory junctions during repetitive activity. Thus, as suggested by Beswick and 
Evanson as a third possibility, if indeed inhibition is mediated by a transmitter 
substance, this substance is not significantly susceptible to depletion. 

It is reasonable to suppose that the properties of the inhibitory junctions of 
the direct and disynaptic pathways are similar. Such a view is supported by re- 
cent pharmacological evidence which shows that tetanus toxin abolishes direct, 
disynaptic, and other inhibitory actions in a similar manner (Brooks, Curtis, 
and Eccles, 1957). On this basis, it appears probable that low frequency depres- 
sion of disynaptic inhibition is due to the properties of the excitatory relay from 
primary afferent fibers to the interneurons in this pathway. The absence of low 
frequency depression in the direct inhibitory pathway and its presence in the 
disynaptic path emphasize another difference in the behavior of these two types 
of inhibition. 

Beswick and Evanson’s finding that low frequency depression of facilitation 
is usually present when the conditioning and test shocks to synergic nuclei are 
almost synchronous has been repeated in the present experiments. Facilitation 
is at its peak with the shortest conditioning-test interval, and as this interval 
is lengthened, facilitation is, of course, decreased. In studies on low frequency 
depression of synaptic transmission, it was found that decreasing the reflex by 
reducing the afferent input, or by warming the preparation, increased low 
frequency depression (Lloyd and Wilson, 1957). Similarly, one might suppose 
that a decrease in the intensity of the facilitation effected by increasing the 
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interval between conditioning and testing shocks would result in greater, rather 
than lesser susceptibility to low frequency depression. Such a result has not 
been obtained. On the contrary, following increases in stimulus interval, depres- 
sion of facilitation, although sometimes unaffected or irregularly affected, was 
commonly decreased. A reasonable explanation of this observation is that 
increasing the conditioning-test interval changes the process acting to facilitate 
the test reflex from one quite susceptible to low frequency depression to another 
much less susceptible. It is known that group I afferent fibers make heterony- 
mous connections with synergic motoneurons and, under certain conditions, are 
able to cause these to discharge (Alvord and Fuortes, 1953; Lloyd, Hunt, and 
McIntyre, 1955). There is thus an always present heteronymous transmitter 
action, which, although usually inadequate to bring about discharge, can 
enhance the response of a motoneuron pool to homonymous stimuli (Hunt, 
1955). Hunt (1955) has shown that transmitter potentiality of impulses decays 
greatly within a few tenths of a millisecond, and Ecclesand his collaborators also 
state that impulses are generated only during the phase of incrementing depolar- 
ization produced by the ionic current across the subsynaptic membrane (Eccles, 
1957). Thus while some authors postulate that excitation can be accounted for 
entirely in terms of the level of depolarization of the membrane (Frank and 
Fuortes, 1956), there is some agreement that impulse generation results from a 
phase of action of very short duration. Residual facilitation, on the other hand, 
is based on a longer lasting phase decaying exponentially with a time constant 
of approximately 4 msec. (Lloyd, 1946). Therefore, with increasing stimulus 
intervals, enhancement of motoneuron discharge by the convergent action of 
synergist group I fibers can be considered to be due at first mainly to heterony- 
mous transmitter action, and later mainly to residual facilitation. The results 
of the present experiments indicate that the low frequency depression of 
facilitation observed when the conditioning and test shocks are nearly synchro- 
nous is largely due todepression of events which underly heteronymous transmis- 
sion. The lesser depression at greater intervals indicates that the process under- 
lying residual facilitation is less sensitive to low frequency depression than the 
event responsible for transmitter action. 

The occurrence of early potentiation and the lack of low frequency depression 
in the direct inhibitory pathway again raise the question of the origin of low 
frequency depression. The inconsistency of the evidence for transmitter deple- 
tion at excitatory terminals has been discussed by Lloyd and Wilson (1957). 
This inconsistency, together with lack of reduced efficacy at inhibitory termi- 
nals, supports the view that transmitter depletion may not be animportant event 
during low frequency repetitive activation. 

Impulses in group I fibers lead to excitatory, inhibitory, and facilitatory 
actions on motoneurons. In general, it appears that the rapid excitatory phase 
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involved in synaptic transmission, both homonymous and heteronymous, is 
much more susceptible to low frequency depression and to the effects which 
follow repetitive activation than are the phenomena responsible for other 
actions of group I fibers. 
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ABSTRACT 


During the absorption of phosphate by yeast, the cells acquire the capacity to 
absorb Mn** and Mg**, a capacity which is retained even after phosphate is no 
longer present in the medium. Cells pretreated with phosphate and then washed, 
slowly lose their ability to absorb Mn**, the rate of loss depending on the tempera- 
ture and on the metabolic state. The fermentation of sugars induces a very rapid loss 
of absorptive capacity, whereas the respiration of ethyl alcohol, lactate, or pyruvate 
has little effect. Inhibitor studies with sodium acetate, redox dyes, and arsenate, re- 
veal parallel effects on Mn** absorption, and on phosphate absorption. It is concluded 
that the synthesis of a carrier for the transport of Mg** and Mn** involves a phos- 
phorylation step closely coupled with reactions involved in the absorption of 
phosphate. 


Yeast cells in the absence of glucose bind bivalent cations to the cell surface 
(1). Cations so bound are completely exchangeable with the cations of the 
medium. Certain of these cations, particularly Mg** and Mn, can be spe- 
cifically absorbed by yeast, in a non-exchangeable manner, provided that 
glucose is available and that phosphate is also absorbed (2). This cation ab- 
sorption is stimulated by low concentrations of K*, but inhibited at higher 
concentrations. The inhibitory effect of K* is due to the accumulation of a 
large surplus of K+ within the cell, whereas the stimulation of uptake at the 
lower concentrations is the result of the enhancement of phosphate accumula- 
tion (3). The rate of Mn** uptake is also conditioned by the concentration of 
phosphate; and, although the rate of uptake is never greater than the rate of 


* This work was aided in part by a grant from the Electro Metallurgical laboratory, 
a division of Union Carbide and Carbon Corporation, and in part is based on work 
performed under contract with the United States Atomic Energy Commission at The 
University of Rochester Atomic Energy Project, Rochester, New York. 

t King George VI Memorial Fellow. 

§ Present address: the Botany Department, Leeds University, England. 
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phosphate absorption when these occur simultaneously, Mn** uptake may 
continue for a time after all of the phosphate has disappeared from the me- 
dium. It is apparent, therefore, that the absorption, rather than the presence 
of phosphate, is the important factor in Mn** accumulation. It is sug- 
gested from the time course studies that a phosphorylation product responsi- 
ble for the accumulation of Mn**+ may be formed during the course of phos- 
phate uptake (2). In the present paper, information is presented concerning 
the synthesis and decay of a phosphorylated “carrier” for bivalent cations. 
These data, together with those from inhibitor studies, suggest that the syn- 
thesis of carrier is closely related to the process of phosphate absorption. 


Methods 


Fresh bakers’ yeast was thoroughly washed and suspended in a metabolically inert 
buffer containing triethylamine, tartaric, and succinic acids in 22.5 mm concentration 
and with a pH of 5.0. The temperature was 25°C., and aeration and stirring of the 
suspensions were by a stream of air. Nitrogen replaced air in anaerobic experiments. 

The general procedure for the experiments was to pretreat the cells with 0.1 m 
glucose and 0.5 mm potassium chloride for half an hour (to stimulate maximum phos- 
phate absorption (4) and then to add 1.0 mm phosphate to the suspension). After an 
hour, by which time all the phosphate had been absorbed, the yeast cells were washed 
twice 2nd resuspended in inert buffer. Manganous chloride and those substances 
which might affect the Mn** uptake were then added at the appropriate concen- 
trations. 

Disappearance of Mn** from the medium was followed using Mn™ isotope. Samples 
of the suspension were taken at the times indicated, centrifuged, and the supernatant 
decanted for analysis with a scintillation counter. Surface binding was determined 
using control experiments with no glucose. It has been convenient not to present the 
data from such controls, as the initial (3 minutes) reading during absorption studies 
gives an almost exact value of the amount of binding. It should be emphasized at 
this point that the transport system under study shows the strongest preference for 
Mgt (2). However, Mn** was chosen for the experimental work, because of the 
suitability of its radioactive isotope. P® was used as an isotope for those experiments 
in which phosphate was determined. It was counted with a Geiger counter. 


RESULTS 


In a previous study (2), it was found that if Mn** was added simultane- 
ously with K+, phosphate, and glucose to a suspension of yeast cells, there 
was no Mnt* uptake by the cells until some phosphate had been absorbed 
(2). In contrast, cells pretreated with glucose, K+, and phosphate, and then 
washed thoroughly and resuspended in a K*- and phosphate-free buffer, were 
capable of absorbing Mn** without delay, provided that glucose was supplied. 
In fact, such treatment did not result in any reduction of the amount of Mn** 
absorbed, when compared with the quantity absorbed during a similar period 
of time with phosphate present in the medium. The pretreatment procedure 
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provides a method for studying the properties of the Mn** transport system 
in isolation from the process of phosphate uptake, which is necessary for its 
initiation. 

Although a large quantity of Mn** was absorbed immediately after pre- 
treatment, the cells gradually lost absorptive power on standing (Fig. 1), 
with the rate of loss conditioned by metabolic factors, such as temperature 
and substrates. For example. after 36 hours at 2°C., the pretreated cells lost 
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Fic. 1. The loss of ability of pretreated yeast cells to absorb Mn**. The yeast 
concentration was 50 mg./ml.; pH, 5.0; temperature, 25°C. Yeast cells were pre- 
treated with 1.0 mm phosphate and 0.1 m glucose, for 75 minutes. Mn** uptake from 
1.0 mu Mn** was measured at the times indicated in the presence of 0.1 m glucose 
and 0.5 mm potassium chloride. 


only 33 per cent of their absorptive capacity, but after only 844 hours at 
25°C., they lost 60 per cent. In the presence of glucose, at 25°C., the loss 
was especially rapid, over 50 per cent in 2 hours (up to 80 per cent in some 
experiments). The substrate effect was specific for sugars (Table I). Glucose 
and fructose were equally effective, whereas the respiration of alcohol, pyru- 
vate, and lactate had little or no effect. The loss of absorptive capacity is 
apparently related to activity of the glycolytic rather than the respiratory 
pathways of metabolism, since the glucose effect was as great under anaerobic 
as under aerobic conditions. None of the treatments had any effect on the 
ability of the cells to acquire the capacity to absorb Mn*-, if given phosphate 
plus glucose. 

The intimate relation between phosphate and Mn** absorption suggested 
a study of the effect of certain inhibitors on each of the two processes. 

A comparison was made using the following procedure: during the phos- 
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Fic. 2. The influence of 0.2 mm brilliant cresyl blue upon phosphate and Mn*+ 
uptake. The yeast concentration was 50 mg./ml.; pH, 5.0; temperature, 25°C.; 
phosphate, 1.25 mm; and Mnt**, 1.0 mm. The yeast cells were pretreated with 1.25 
mm phosphate for 40 minutes. Both phosphate and Mn** uptake were measured in 
the presence of 0.1 m glucose and 0.5 mm potassium chloride. 


TABLE I 


The Influence of Specific Substrates on the Loss of Ability of 
Pretreated Yeast Cells to Absorb Mn** 

The yeast concentration was 50 mg./ml.; pH, 5.0; temperature 25°. The yeast cells were 
pretreated with 1.0 mm phosphate and 0.1 m glucose for 1 hour, followed, after washing, 
by 2 hours of treatment with the respective substrates (at 0.1 m) and 0.5 mm potassium 
chloride. After a further washing, manganese uptake from 1.0 mm Mn** was studied in the 
presence of 0.1 m glucose and 0.5 mm potassium chloride. 





Substrate Mn?** uptake after 120 min. 





mM 

Control 0.61 
Glucose (aerobic) 0.31 
Glucose (anaerobic) 0.31 
Fructose 0.24 
0.53 
0.70 
0.61 
0.59 








phate pretreatment period, inhibitor and phosphate were added to samples 
which paralleled those to which Mn** was to be added later. A control was 
used to measure the phosphate uptake without inhibitor. Similarly, inhibitor 
and Mn** were added to samples which had been pretreated with phosphate 
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but without inhibitor. In the latter case, the capacity to absorb Mn++ was 


already present; consequently, the effect of the inhibitor on the process of 
absorption could be directly observed. 
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Fic. 3. The influence of sodium arsenate upon Mn** uptake. The yeast concen- 
tration was 50 mg./ml.; pH, 5.0; temperature, 25°C.; Mn**, 1.0 mm; glucose 0.1 m; 
and potassium chloride, 0.5 mm. The yeast cells were pretreated with 1.0 mm phos- 
phate and 0.1 m glucose for 60 minutes. 
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Fic. 4. The influence of sodium arsenate upon phosphate uptake. The yeast con- 
centration was 50 mg./ml.; pH, 5.0; temperature 25°C.; glucose, 0.1 m; potassium 
chloride, 0.5 mm; and phosphate, 2.0 mm. 


Three inhibitors were used, sodium acetate, redox dyes, and sodium ar- 
senate. Sodium acetate blocks phosphate uptake by yeast but has no effect 
upon fermentation (5). The two redox dyes used, methylene blue and brilliant 
cresyl blue, both markedly increase the permeability of yeast cells to K+, but, 
at the concentrations used, do not reduce the rate of fermentation (6, 7). 
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Sodium arsenate, while interfering with the phosphorylation mechanisms at 
the triose phosphate dehydrogenase reaction (8, 9), does not inhibit the fer- 
mentation even with concentrations as high as 0.01 m (10).! 

With each inhibitor, parallel inhibitions of phosphate absorption and of 
Mn** absorption were obtained. Those shown in Fig. 2 for 0.2 mm. cresyl 
blue are also typical of the data obtained with the same concentration of 
methylene blue, or with 0.2 m acetate. A more detailed study was carried out 
with arsenate (Figs. 3 and 4). The closely parallel effects of different concen- 
trations of aresnate on Mn*+ and on phosphate absorption are readily ap- 
parent. 


DISCUSSION 


During the course of phosphate absorption, the yeast cell becomes physio- 
logically altered, gaining the capacity to absorb Mn** or Mgt’. The nature 
of the alteration is the primary concern of the present discussion. The simplest 
possibility consists of an alteration in the permeability of the cell membrane 
to the bivalent cations. However, the absence of exchanges of cations across 
the cell membrane even during the course of their absorption, excludes such 
a hypothesis. Furthermore the absorption process is specifically dependent on 
the fermentation of sugar (2), and it is highly selective for Mg** and for 
Mn**. On the basis of such observations, the uptake process can best be 
classified as an active transport system, involving energy expenditure by 
the cell. The role of phosphate must thereby involve the activation or the 
synthesis of an essential part of the transport mechanism. 

It has long been postulated that active transport of specific ions is accom- 
plished by “carrier” molecules, but few substances with the necessary chemi- 
cal characteristics to fill the role have been found in biological systems. Pyri- 
doxial (11), polyphosphates (12), and phosphoryl choline (13) have been 
suggested as possible compounds responsible for active transport of cations, 
while a heterogeneous material has been extracted from blood that has the 
necessary properties that would be required for a carrrier of univalent cat- 
ions (14). 

The process of phosphate absorption has been investigated in some detail 
in yeast, but it is incompletely understood (3). Its specific dependence on 
glycolysis suggests a central role for the glyceraldehyde-3-phosphate reaction, 
the only step in fermentation in which the esterification of inorganic phos- 
phate occurs. However, the esterification reaction is reversible, in contrast to 
the lack of isotopic exchange during the absorption process. It is suggested 
that an essentially irreversible transport step across a membrane is interposed 


1 The fermentation of the yeast used in the present experiment is partially sensitive 
to arsenate. However, the effects are too small to account directly for the effects of 
the inhibitor on the absorption of Mn** or of phosphate. 
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between the extracellular phosphate and its participation in the metabolism 
of the cell. It is more likely that the close connection between phosphate ab- 
sorption and glycolysis lies in the provision of energy by the latter for the 
transport process, rather than a means for trapping phosphate within the cell 
by chemical conversion into phosphate compounds. Such a connection may 
account for the fact that although the glycolytic reactions are essential for 
the transfer of phosphate across the membrane, the coupling is neither obliga- 
tory nor stoichiometric. Thus the glycolytic reactions proceed at a normal rate 
even in the absence of extracellular phosphate, by the cycling of intracellular 
phosphate, while in the presence of extracellular phosphate, the rate of ab- 
sorption is only a variable fraction of the rate of glycolysis. Furthermore, a 
variety of chemical agents can uncouple the glycolysis from the phosphate 
absorption. 


GLUCOSE 


1:3 PHOSPHOGLYCERATE 


PHOSPHOGLYCERATE + ATP 


POLY P 
ALGOHOL + CO, 


MEMBRANE 


Fic. 5. A scheme for the transport of Mn* and of phosphate into the yeast cell. 


In Fig. 5, a simplified scheme is presented to take into account the available 
information concerning phosphate and Mn** transport. It is assumed that 
both phosphate and the Mn** are transferred across a membrane in an essen- 
tially irreversible step, by systems represented as X and Y, which are coupled 
in an unknown manner to the glycolysis system at the glyceraldehyde-3- 
phosphate dehydrogenase step. Phosphate once transferred, mixes with the 
intracellular phosphate and may be incorporated into ATP and eventually 
into the storage form, polyphosphate, and into other phosphorylated prod- 
ucts (15, 16). Yeast cells ordinarily absorb phosphate only after a lag period 
of about one-half hour, but if pretreated with glucose and K+, no delay occurs. 
Therefore, it is suggested that the phosphate carrier, X, is synthesized during 
active glycolysis. In contrast, the Mn** carrier cannot be synthesized by 
glycolytic reactions alone. A transfer of extracellular phosphate into the cell 
is an essential prerequisite. It is suggested, therefore, that the Mn*+ carrier, 
YP, is a phosphorylated compound formed in the cell membrane as a direct 
product of the phosphate-transferring systems, chemically related to the phos- 
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phate carrier. For this reason both the phosphate and the Mn** absorption 
are similarly inhibited by a variety of substances. The rapid decay in the 
activity of the Mn** carrier during glycolysis in the absence of extracellular 
phosphate is readily understandable, if the synthesis of the Mn* carrier is a 
reversible reaction. The exact chemical nature of the Mn** carrier is not 
known. Its absence in cells undergoing glycolysis eliminates as candidates any 
known intermediates of metabolism. The specificity pattern, however, is simi- 
lar to that of many enzymatic phosphorylation reactions, so that possibly a 
protein component is involved. Whatever the exact structure, the actual 
amount of the carrier substance must be small. Likewise, only a small fraction 
of the phosphate which enters the cell must be involved in its formation, for 
during the synthesis of the carrier, the major part of the absorbed phosphate 
can be accounted for as polyphosphate, ATP, and glycolytic intermediates. 
In spite of this, the amount of Mg** and Mn** that can be absorbed may be 
very much more than the total amount of absorbed phosphate. One must con- 
clude that there is a rapid cycling of YP and Mn**YP, the rate of which 
might be determined by glycolysis, which is essential for Mn** absorption 
even in cells in which the carrier substance has already been formed. 
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ABSTRACT 


1. The ovarian tissues from diapausing pupae of the promethea moth (Callosamia 
promethea) have survived and grown for 186 days under in vitro conditions. There was 
continual cell migration and multiplication for a period of 53 days, followed by a 
period of 47 days during which no cells migrated from the tissues. Between the 100th 
and 105th days after setting up the cultures, cell migration was resumed, and by the 
111th day 250 cells were present in the medium. A few cell divisions were observed 
between the 126th and 136th days. After the tissues were subcultured on the 140th 
day, the explant culture continued to survive, but the cell culture died 3 days later. 

2. The tissues were subcultured a total of 6 times during the 186 days. By the 
introduction of a piece of live tissue into the cell cultures, the growth and survival of 
the cells were increased from 8 days to about 20 days. 

3. It is possible that the tissues had become adapted to the medium during their 
long survival, as the cells which migrated from them after 100 days showed consider- 
ably longer survival than those in earlier cultures. 


In recent years it has become increasingly apparent that many problems in 
many branches of entomology will not be adequately solved until the tech- 
nique of growing insect tissues im vitro for long periods becomes available. 
This is particularly true in studies of the transmission of plant and animal 
viruses by insects. In fact, many of the recent attempts to culture insect tis- 
sues have been made for the purpose of studying methods of transmission of 
viruses by insects (Wyatt, 1956; Grace, in press). The technique will also 
serve as an extremely useful tool in problems of insect biochemistry, physi- 
ology, genetics, morphology, and pathology. 

Attempts to grow insect tissues im vitro were first made by Goldschmidt in 
1916, but it is only in the past 2 or 3 years that significant progress has been 
made. With the exception of the experiments carried out by Trager (1935), 
in which he grew the ovarian tissue of the commercial silkworm 


* This work was supported in part by United States Public Health Service Grant 
Number E-1537. 
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(Bombyx mori L.) for 2 weeks in hanging drop cultures, the attempts have 
resulted in very little, if any, growth and survival for short periods. Improved 
results were obtained by Wyatt (1956) and Grace (in press), in which the 
ovarian tissue of the larval silkworm (B. mori) grew for up to 3 weeks and 
survived for 4 weeks in roller tubes and hanging drop-cultures. Loeb and 
Schneiderman (1956) were able to maintain the epidermis from the pupal 
wing and antenna of Samia walkeri (Drury) and Antheraea polyphemus 
(Cram.) alive in vilro for as long as 6 weeks, but no growth was obtained. 
Only two attempts have been made to subculture the tissues (Trager, 1935; 
Grace, in press). In neither case was it possible to carry the tissues through 
more than two subcultures. This paper describes in detail the growth and 
survival in vitro for 186 days of the ovarian tissue of diapausing pupae of the 
promethea moth (Callosamia promethea) in a partially synthetic medium 
formulated by Wyatt (1956), and modified by Grace (in press). This is the 
longest period in which insect tissues have been grown in vitro, and represents 
a big step towards the achievement of continuous growth of insect tissues 
comparable to that obtained in plant and vertebrate tissue culture. 


Materials and Methods 


The experiments were performed on ovarian tissue obtained from diapausing pupae 
of the promethea moth (Callosamia promethea).' The ovaries in the diapausing pupae 
are enclosed within the ovarian sac and lie in the abdominal cavity embedded in the 
fat body. To remove them, the 5th and 6th abdominal tergites were removed and the 
ovaries pulled free. They were then transferred to a drop of culture medium, freed of 
any attached non-ovarian tissue and cut into pieces about 1 mm..? in size. 

The basic medium, consisting of salts, amino acids, organic acids, and sugars, was 
made up as described by Wyatt (1956). Since the members of the vitamin B complex 
were found to have a beneficial effect on the cultures (Grace, in press), each of them 
was added to the medium at a concentration of 0.01 ug./ml. Cholesterol, although it 
appeared to have no effect on the survival or growth of the cells in culture (Grace, in 
press), has been shown to be essential for normal growth of insects, and was added at 
a concentration of 0.03 mg./ml. The medium contained 3 per cent plasma obtained 
from diapausing pupae of the promethea moth. The pupae were bled from the wing, 
and the blood was collected in sterile centrifuge tubes packed in ice. Immediately 
after collection, it was heated at 60°C. for 5 minutes, and then deep-frozen for 24 
hours to inhibit the action of the enzyme tyrosinase. After centrifugation to remove 
the blood cells and precipitated proteins, the clear yellow supernatant was added to 
the medium. 

To inhibit the growth of bacteria, penicillin and streptomycin were added to the 
medium at a concentration of 0.03 mg./ml. and 0.1 mg./ml., respectively. 

The principal culture method used was the hanging drop in slides with a central 


1T am grateful to Prof. H. A. Schneiderman, Zoology Department, Cornell Uni- 
versity, Ithaca, New York, for the diapausing promethea pupae. 
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depression of about 0.8 mm., or Maximov slides. The cover glass containing the tissues 
in about 0.005 ml. of medium was sealed to the slide with a mixture (1:1) of paraffin 
wax (m.P. 54°C.) and vaseline. Cultures were also grown for short periods in roller 
tubes and shaking flasks. The medium in the cultures was renewed once every 5 days 
and all cultures were incubated at 25°C. 

Just prior to dissection the pupae were surface-sterilized with 70 per cent alcohol. 
All glassware was sterilized by dry heat (160°C. for 144 hours). The media were 
sterilized by passage through sintered glass (u. f.) filters. 

The criteria used to adjudge growth in the cultures were the presence of mitoses in 
the migrated cells and an increase in the cell population. Those cells were considered 
healthy in which the cytoplasm remained clear and movements took place. When 
fat-like, highly refractive droplets appeared in the cytoplasm, the cells ceased to 
move, rounded up, and after 1 or 2 days began to degenerate. 


Subculturing 


As the cells which grow from the explants do not remain attached to them, but 
either float freely in the liquid medium or become attached to the cover glass, the 
most practical method of subculturing was the following. When the cell population 
in the cultures had become dense, the tissue was removed, special care being taken to 
remove as few free cells as possible. After washing the tissue twice to remove any 
adherent cells, it was set up in a fresh culture. The other culture which now contained 
only cells was replenished with fresh medium and resealed. 


EXPERIMENTS AND RESULTS 


Six hanging-drop cultures were set up with 1 explant in each culture. After 
48 hours many cells had moved from the explant, the majority remained 
floating in the medium, while very few became attached to the cover glass. 
The cells floating in the medium remained round in shape and did not move 
actively, whereas those attached to the cover glass became spindle-shaped or 
otherwise irregular in outline and moved quite actively on the glass. Numer- 
ous mitotic divisions were observed after 72 hours. The time from metaphase 
to complete cell division was 15 to 20 minutes at 25°C. 

After 6 days in culture, during which time the number of cells had increased 
markedly (Fig. 1) and mitoses were very numerous, the 6 explants with the 
medium and as many cells as possible were transferred to a 25 ml. Erlenmeyer 
flask. Six explants from freshly dissected ovaries were also placed in the flask. 
The volume of the medium was made up to 1.0 ml., and the flask placed on a 
shaking table and shaken at 80 revolutions per minute for 4 days. The shak- 
ing motion was not violent; it merely swirled the medium in a circular motion 
over the tissues. During the shaking, 10 of the 12 explants became attached 
to the wall of the flask and, although it was not possible to study the cul- 
ture closely, a small area of cells could be seen surrounding each attached 
explant. 


At the end of 4 days, the 12 explants, as many free cells as possible, and the 
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medium were removed from the flask and transferred to a roller tube. To en- 
sure that the explants became firmly attached to the walls of the tube, the 
medium was added 4 hour after the explants were introduced. The volume 
of medium was made up to 1.0 ml., and the tube rotated at 1 revolution per 
5 minutes. 

After 24 hours cells had begun to migrate from the explants, and the num- 
ber continued to increase during the next 5 days. The cells became attached 
to the wall of the tube and formed a “‘halo” around each explant. Due to the 
continual rotation of the medium, the cells became spindle-shaped. Mitoses 
could not be observed because of the rounded surface of the tube, but the 
cells remained healthy and free of granules. After 6 days’ rotation, the ex- 
plants, but not the cells, were removed from the tube, washed in a drop of 
medium to remove any attached cells, and set up in 6 hanging drop cultures 
(each culture containing 2 explants). The medium in the roller tube was re- 
newed. This was the first time the tissues were subcultured. 

Sixteen days after the cultures had been initiated, the muscle sheaths 
around the ovarioles began to contract. No movement of the explants was 
noticed prior to this. In the intact promethea pupae contractions were not 
noticed in the ovaries during diapause, but set in 2 to 3 days after the onset 
of adult development. Similarly, the ovarian tissues of late 5th instar silk- 
worm (B. mori) larvae showed contractions after the tissues had been in cul- 
ture about 9 days, but none were noticed in the insect until the 2nd or 3rd 
day after pupation (Grace, in press). 

Cells began to migrate from the subcultured tissues 48 hours after they 
had been set up, and the number gradually increased both by migration from 
the explant and by cell division. During the first 3 days the cells remained in 
open growth and then began to clump together (see Fig. 2). Mitoses were very 
numerous both in the free floating cells and in the cells at the edges of the 
groups. The period from metaphase to complete cell division was the same as 
in the original cultures, i.e., 15 to 20 minutes. In the roller tube culture which 
contained only cells, granules appeared in the cells, both in the cytoplasm and 
the nucleus, 3 days after subcultures had been made. By the 8th day practi- 
cally every cell was granulated and many were degenerating. This culture was 
discarded. 

The hanging drop cultures were again subcultured 10 days after the first 
subculture. Since the cell population in the first subcultures was smaller than 
in the original hanging drop cultures, on subculturing, 11 explants were di- 
vided between 2 hanging drops so that these contained 5 and 6 explants, 
respectively. The 12th explant was placed in a culture containing all the cells 
from the previous cultures because the presence of a piece of tissue had been 
shown to increase growth and prolong survival in cultures containing only 
free cells of the silkworm ovary (Grace, in press). 

As before, cells began to migrate from the explants (which continued to 
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contract very actively) after 48 hours and continued to increase in number. 
Although some cells tended to form groups, the majority remained separate 
(Fig. 3). 

In the cell culture there was a slow, but noticeable increase in the number of 
cells over a period of 16 days. Whereas in the previous cell culture granula- 
tion became noticeable after about 3 days, in this culture very few cells 
showed granulation up to 13 days. The explant continued to move actively, 
and small groups of cells migrated from it. By the 17th day many of the cells 
at the edge of the drop had flattened out on the cover glass, their cytoplasm 
becoming very tenuous, thread-like, and granulated. Gradually the cells 
closer to the explant became granulated, until by the 20th day only a few 
cells close to the explant were still healthy. No mitoses were observed after 
the 18th day, but the explant remained quite active. 

Because of the large number of explants in each culture, the size of the cell 
population after 7 days was large enough to subculture a third time. The vast 
majority of cells in these cultures were very healthy, but a few cells at the 
periphery of migration showed granulation. It was also observed that the con- 
tractions of the explants became slower and more irregular after the 3rd day. 
This was probably due to the depletion of the oxygen supply in the chambers 
by the tissues, and to the quick accumulation of toxic metabolites in the 
medium because of the large number of explants. To improve conditions on 
subculturing, 4 cultures were set up, 3 of which contained 3 explants each, 
while the remaining culture comprised 2 explants and, in addition, all the cells 
from the cultures. 

In the cultures containing only explants, the migration of cells and the 
growth of the cell population were slow for the first 3 days. Several mitoses 
were observed in cells after 48 hours. During the next 4 days the population 
increased slowly, the greatest population being attained in culture 2, which 
numbered about 600 cells. 

There was a slow, but noticeable increase in the cell population of the “cell” 
culture, due in part, no doubt, to migration of cells from the explant. The cells 
remained healthy in all parts of the culture, and mitoses were fairly numerous 
for 12 days. By the 19th day after subculturing, the majority of cells were dead. 

The cultures were divided a fourth time 13 days after the third subculture 
into 3 cultures each with 3 explants, and the cells and the explant from the 
second subculture in a fourth culture. Two days later, 2 of the cultures con- 
taining 3 explants became contaminated with fungi and were discarded. The 
remaining cultures showed very poor growth. After 7 days there were not more 
than 200 cells in each explant culture, and most of the cells in the cell culture 
had died. As very little growth occurred, the 3 remaining explants and the 2 
explants from the third subculture were placed in 1 culture, and the cells and 
1 explant in another culture. 

Although the explants continued to contract, not one cell was observed to 
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migrate from them over a period of 47 days. During this time the 5 explants 
slowly grew into one mass. The medium was routinely changed every 5 days, 
and occasionally the tissue was torn to encourage cell migration. The cell cul- 
ture continued to grow for 8 days, after which time the cells gradually died. 
The explant remained active and was transferred to the explant culture 14 
days after subculturing. 

Between 100 and 105 days after the cultures were first set up, cells began to 
migrate again from the tissue mass. The migration continued, and by the 111th 
day 250 cells were present (Fig. 4). No mitoses were recorded during this time. 
On the 126th day, 4 mitoses were observed, and further divisions were found 
on each of the 127th, 135th, and 136th days. Some cells by the 136th day had 
become granulated, especially those furthest from the tissue mass. 

On the 140th day the culture was subcultured as previously. No cells ap- 
peared in the explant culture until 11 days later (151st day), when 2 cells were 
present. The cells in the cell culture remained healthy, and 2 mitoses were 
observed on the 143rd day; but by the 151st day the majority had died. 

The cell population in the explant slowly increased, although some cells 
died. By the 161st day 20 cells were counted and 1 division was recorded. No 
divisions have been noticed subsequent to this date. 

Although after 186 days in culture the migration of cells from the tissues 
is slow and intermittent, the tissue mass continues to contract very strongly, 
and there is every reason to suppose that it will continue to survive.’ 


DISCUSSION 


The in vitro culture of insect tissues has for many years lagged behind plant 
and vertebrate tissue culture, but the experimental results reported above 
clearly indicate that the long term culture of insect tissues is now possible. 

It is of interest that the tissues from the diapausing pupae have continued 
to grow and survive in a medium lacking the growth or prothoracic gland hor- 
mone during the entire culture period. In previous studies using ovarian tissue 
of the silkworm B. mori, superior growth and slightly longer survival were 
obtained when hormone extracts were added to the medium (Grace, in press). 
Schmidt and Williams (1953) showed that the spermatocytes of the cecropia 
silkworm required the presence of the growth hormone for their development, 
and no development took place when the spermatocytes were cultured in a 
medium containing blood from diapausing individuals. Perhaps the ovarian 
tissues become hormone-independent when grown in vitro. 

During the 6 months in which the cultures have grown it has been possible 
to subculture the tissues 6 times, but it is still not possible to obtain the con- 


* Note Added in Proof.—The tissue mass has continued to survive without growth 
and is now 336 days old (48 weeks) and still showing activity. 
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tinuous growth of cells. The addition of a living explant to the cell cultures 
had a decidedly beneficial effect on the growth of the cells. Whether this effect 
was due to the secretion by the tissue of some factor into the medium or to the 
removal of substances by the tissue from the medium has not yet been deter- 
mined, but is currently being studied. 

Although the cells ceased to migrate from the culture about 53 days after 
they were set up, growth did not stop altogether, as evidenced by the growing 
together of the 6 explants into one mass. The most outstanding feature of the 
experiment was the rather sudden resumption of cell migration from the 100- 
day-old tissues. 

It is probable that some of the cells which had migrated from the tissues at 
100 days survived for between 36 and 51 days, as granulation was first observed 
about the 136th day and the majority of cells were dead by the 151st day. 
This is a considerably longer survival than has been obtained previously, and 
is explained on the assumption that the tissues have become adapted to the 
medium. 


I wish to express my gratitude to Professor A. C. Braun, Professor F. O. Holmes, 
Professor K. Maramorosch, and Dr. U. Nif for their advice and criticism. 
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EXPLANATION OF PLATE 7 


Fic. 1. Cells from a 6 day old culture in hanging drop. x 97. (Photograph by 
J. A. Carlile.) 

Fic. 2. Clumping of cells in the first subculture. 7 days. X 97. (Photograph by 
J. A. Carlile.) 

Fic. 3. Cells migrating from ovarian tissue, second subculture. 5 days. X 213. 
(Photograph by J. A. Carlile.) 

Fic. 4. Migrated cells from the ovarian tissue 111 days after the cultures were 
first set up. X 97. (Photograph by J. A. Carlile.) 
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ABSTRACT 


The total active transport of chloride ions across the gastric mucosa can be con- 
sidered as the sum of two fractions; an acidic one which is equivalent to the acid 
secreted, and an electromotive one which accounts for the electric energy generated 
by the gastric mucosa. In the present studies, the relationship between this electro- 
motive chloride transport and acid secretion has been investigated, using specific 
inhibitors. The rate of electromotive chloride transport was found to be essentially 
unaffected by changes in the rate of acid secretion, and also by inhibition of acid 
secretion by thiocyanate. On the other hand, diamox, in combination with histamine, 
was shown to depress or abolish the gastric electromotive force and to inhibit par- 
tially the total chloride transport, while acid was secreted at an almost normal rate. 
This kind of inhibition is undefined as to its mechanism but seems to be more spe- 
cific for the gastric chloride transport than any other inhibitor known. It is con- 
cluded that acid secretion and electromotive chloride transport involve two different 
mechanisms, and are not absolutely essential for each other. The present results do 
not support the view that carbonic anhydrase is essential for acid secretion. They 
rather suggest an important function of this enzyme in the mechanism of active chlo- 
ride transport. 


INTRODUCTION 


The production of gastric acid is a complex phenomenon which may involve 
different processes, including the accumulation of H ions, the movement of Cl 
ions, and the generation of an electromotive force. The Cl movement has 
drawn special attention in recent years due to the identification of a special 
mechanism of active Cl transport (3, 4). This Cl “pump” has been shown to 
be linked to metabolism, and a model accounting for the phenomena con- 
cerned has been devised (5). It is of special interest that Hogben has found 
the rate of the active Cl transport to be electrochemically equivalent to the 
electrical current produced by the mucosa. This has been taken as evidence 


* Parts of the results have been presented in preliminary form (1, 2). The work 
has been supported in part by the Atomic Energy Commission and by a grant (NSF 
G-3342) of the National Science Foundation. 
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in favor of the assumption that Cl transport and E.M.F. are both manifesta- 
tions of the same mechanism. 

The question as to whether, and how, such an “electromotive” transport 
mechanism for Cl ions is connected with the gastric acid formation, is still 
unanswered. It has frequently been noticed that the onset of acid secretion 
has a comparatively small effect on the electrical properties of the mucosa, 
such as resistance and potential difference. It has been questioned, therefore, 
whether the electromotive Cl pump has any function in acid secretion at all 
(6). On the other hand, no appreciable acid secretion has been obtained hith- 
erto in the absence of the electromotive force (E.M.F.); and increasing the 
gastric potential difference by an external E.M.F. was found to augment the 
acid secretion rate (7, 8). These observations have been considered as evi- 
dence in favor of an essential, or at least auxiliary, function of the chloride 
pump in acid secretion. The present investigations were intended to provide 
further information on the relationship between the secretory mechanism and 
the electromotive force of the gastric mucosa in the frog. 


Methods 


Most of the procedures are described fully in a previous publication (5). The 
gastric mucosa of the frog was mounted between two lucite chambers, and bathed 
with oxygenated, physiological solutions. The solution in contact with the serosal 
surface contained bicarbonate and phosphate buffers, and is referred to as the mu- 
trient solution. In contact with the mucosal surface was a similar solution, with 
buffers omitted, called the secretory solution. 

In previous work, acid secretion was followed by the use of a glass electrode. In 
the present experiments, a procedure of semicontinuous titration was used, to main- 
tain the pH at or near 5.5. The secretion is then calculated from the strength and 
volume of titrant added. This method has the advantage of essentially eliminating 
back-diffusion of H ions, and obviates the need to correct for the activity coefficient 
of the H ion. 

Electrical potential difference measurements were made, using a recording milli- 
voltmeter (varian, model G-10), either alone, or in conjunction with a radiometer, 
pH meter 22. For conductance measurements, a fixed, direct current of 75 micro- 
amperes was passed through the membrane, and the change in potential across the 
mucosal membrane recorded. This change occurred in two distinct phases, as shown 
in Fig. 1. In the initial phase, complete within a second, the potential difference 
changed from the spontaneous value Ep to the value £,. In the final phase, complete 
within 1 to 2 minutes (depending on the previous treatment of the mucosa), the 
potential difference changed to E». As indicated in Fig. 1, changing the direction of 
the current merely changes the direction of the potential changes. 

If J is the current per square centimeter of membrane, and R, the resistance of 
the bathing solution, 1 sq. cm. in area, between the two potential electrodes, we 
obtain R; = (E; — Eo)/I — R,, and Ry = (E, — Eo)/I — R,. Here R, is defined 
as the initial resistance of the mucosa, and Ry the final resistance, both in ohms-cm.’ 
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The initial conductance (x;) and the final conductance (xs), in mhos/cm.*, are 
obtained by taking the respective reciprocals of R; and Ry. 

For convenience, we may refer to the shift in potential difference from E; to E, 
as a “membrane polarization.” Whether the resulting R; or Ry represents the true 
resistance of the mucosa, depends on the interpretation of this polarization phe- 
nomenon (9, 10). If polarization is due to a change in any electromotive force pres- 
ent within the conducting parts of the mucosa, then Ry has no meaning, and R; 
gives the real resistance. If, however, the polarization may be treated as a special 
kind of capacitance with a very high time constant, then Ry has to be considered as 
the true, “non-polarizable” resistance of the mucosa. At the present time, it cannot 
be decided which interpretation of the polarization is the more appropriate. Both 
values of the mucosal resistance are therefore reported in the Results. 


VOLTAGE 


a eS ee ee 
TIME (MINUTES) 


Fic. 1. Electrical response of the gastric mucosa to direct current. 





RESULTS 


The short-circuit current, 1,-, has been taken in these studies to represent 
the most reliable index to the electromotive force developed by the mucosa. 
This is the current supplied externally, necessary to bring the measured po- 
tential difference across the mucosa to zero. Unlike the open-circuit potential 
difference, the parameter i,- is independent of changes in the shunt resistance 
of the membrane; 7.e., to changes in the permeability of the membrane for 
“passive” ions. Hogben has shown that, for the normal mucosa, the short- 
circuit current is equal to the net chloride flux in excess of the chloride in the 
secreted acid (4). In terms of the unidirectional fluxes, this becomes 


eer — OO = ont + ix, (1) 


in which ®o! and Cail are the chloride fluxes from nutrient to secretory, and 
secretory to nutrient surfaces, respectively, and og+ is the rate of acid secre- 
tion. All terms are expressed in the unit, microequivalents per square centi- 
meter per hour. 

The net chloride flux may be divided into two fractions, using Equation 1. 
The first is equivalent to the acid secreted, and may be called the acidic chlo- 
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ride output. The second fraction, which is equivalent to the short-circuit 
current, probably accounts for the gastric E.M.F., and may be called the non- 
acidic, or electromotive chloride. The short-circuit current can accordingly 
be used as a partial index to the activity of the chloride pump, with the ad- 
vantage that it is much easier to measure than are simultaneous unidirectional 
chloride fluxes. 


HISTAMINE TO N N RINSED, RENEWED 
CNS” TO N 
CNS~ TO N 


| 1] 
TI] fis 











( pEQ./CM? HR) 








ae ae 


re) l | L 


19) 2 3 < 
TIME (HOURS) 


(YH WO/037) 3ivY NOIL3ZNO3S IOV 


be 
= 
WwW 
ec 
ce 
2 
oO 
“4 
ze 
Oo 
x 
oO 
' 
- 
« 
So 
a 
7) 


























Fic. 2. Time course of a typical experiment with a normal mucosa, showing short- 
circuit current (i,-) at varying rates of acid secretion (out). 


A. Normal Mocosae (without Diamox) 


For the representative experiment shown in Fig. 2, the short-circuit current 
is plotted as a function of time. Widely different rates of acid secretion were 
obtained by using histamine and thiocyanate as potentiator and inhibitor of 
secretion, respectively. It was found that changes in the rate of acid secretion 
had no consistent effect on the measured short-circuit current. 

Results of 14 similar experiments are shown in Fig. 3. The average short- 
circuit current during a period (14 to 1 hour) is plotted against the simultane- 
ous rate of acid secretion. Despite the fluctuation introduced by the plotting 
of data from many mucosae, it can be seen that the current is approximately 
constant over a considerable range of secretory activity. 
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B. Mucosae Treated with Diamox 


1. Short-Circuit Current.—The above results, though inconclusive, suggest 
that electrical activity is independent of acid secretion. This is consistent 
with the observation that general metabolic inhibitors, such as anoxia or 
DNP, affect first the rate of acid secretion, and then the electromotive force 
of the mucosa.' The use of inhibitors, specific for either secretory or electrical 
activity, would be expected to give a more reliable indication as to whether 
or not a single mechanism is responsible for both phenomena. 


> a Oo 


SHORT - CIRCUIT CURRENT 
( nEQ./ CM® HR.) 
a= Pr w 


1 | 1 j ! J 
05 10 15 20 25 30 


ACID SECRETION RATE ( #EQ./CM® HR) 


Fic. 3. Compilation of 24 experimental periods, showing short-circuit current 
and corresponding rate of acid secretion for normal mucosae. 


o? 





Thiocyanate, a well known inhibitor of gastric secretion, has been found 
to restore the gastric potential difference to the resting level (11-13). In our 
experiments we also tested the short-circuit current and found it essentially 
unaffected by thiocyanate. Apparently this inhibitor specifically blocks acid 
secretion without appreciably interfering with the electromotive chloride 
transport. The question arises as to whether the opposite effect is also pos- 
sible; namely, the inhibition of electrical activity while acid secretion is un- 
disturbed. Experiments by Hogben (14), using the carbonic anhydrase in- 
hibitor, diamox, showed a depression in the magnitudes of both phenomena; 
however, the effect on the short-circuit current was more pronounced than 
on the secretion rate. 

We found that this discrepancy could be strikingly intensified by the addi- 
tion of histamine, after diamox. The course of one such experiment is shown 
in Fig. 4. After diamox plus histamine, the mucosa maintained approximately 
its spontaneous rate of secretion for several hours. Meanwhile, a drastic reduc- 
tion of electrical activity was observed. In this experiment, the short-circuit 
current fell to zero, as did the open-circuit potential difference. A number of 


? Unpublished observation. 
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such experiments have shown similar results, although the exact magnitude 
of the effect is variable. In a few instances, the measured potential difference 
reversed in sign; in the most extreme case, to 8 mv., serosal surface negative 
with respect to mucosal surface. 

The abolishment of the short-circuit current must be due either to a direct 
inhibition of the gastric E.M.F., or to a sharp drop of the internal conductance 
associated with the E.m.F. In order to distinguish between these possibilities 
the mucosal conductance was measured in the presence and absence of diamox. 
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Fic. 4. Time course of a typical experiment with a mucosa, showing short-circuit 
current (i,-), rate of acid secretion (eu+), and sodium flux (®N*") under the influence 
of diamox, histamine, and thiocyanate. 


2. Conductances.—The mucosal conductance was measured as described in 
Methods, obtaining an initial conductance «;; and a final conductance x,. The 
difference between these conductances, 


Ax = Ki — Ky 


for each measurement, is also of interest, and the three parameters are given 
in Table I for (a) normal, untreated mucosae, and for mucosae treated with 
(b) diamox, (c) thiocyanate, (d) general metabolic inhibitors, e.g., anoxia. 
Data from our previous studies (5) in the last named category have been in- 
cluded for purposes of comparison. 

Table I shows that diamox does not significantly change either the initial 
or the final conductance. These values, however, do not depend solely on the 
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internal conductance but also on the shunt conductance, associated with the 
diffusing ions. Measurements of sodium flux (Fig. 4) indicate that diamox 
does not appreciably change the partial conductance of that ion. If this be- 
havior may be assumed typical of all passive ions, we may conclude that the 
shunt conductance is hardly disturbed by diamox. It follows that the internal 
conductance cannot be drastically affected under these conditions. The disap- 
pearance of the short-circuit current must be primarily due to a direct inhibi- 
tion of the E.M.F. 

A statistically significant increase in the mucosal polarization (Ax) under 
diamox may be demonstrated from the data of Table I. Furthermore, this 


TABLE I 
Electrical Conductances 


= — 
Control With With Under metabolic 
mucosae j diamox thiocyanate inhibition 

aise : : 


No. of 
Measurements 


| | 23 


Ky 


1.3 
+0.4 





| 0.15 
40.5 | +0.18 





parameter is greatly reduced under thiocyanate, and disappears under general 
metabolic inhibition. The mucosal polarization, therefore, seems to be asso- 
ciated with the acid-secreting mucosa. 

3. Effects of Secretion—The sharp decrease observed in short-circuit current 
under diamox would indicate that diamox acts as a specific inhibitor of the 
mucosal E.M.F. If this were the case, the further addition of thiocyanate should 
not disturb significantly the potential difference or short-circuit current. On 
the contrary, both indices to electrical activity show appreciable recovery 
_ after thiocyanate (Fig. 4). It must be concluded that the action of diamox 
depends on the presence of secretory activity. This conclusion is borne out 
by the results of the addition of diamox to a resting (non-secreting) mucosa 
(Fig. 5). In this case the effect of diamox on short-circuit current is small. 

The dependence of the diamox effect on secretion is not merely a pH effect; 
the instillation of 0.12 N HCl on the secretory surface (while diamox was 
present in the nutrient solution) was observed to augment, rather than de- 
press, the short-circuit current. 
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4. Fluxes.—In one series of experiments, @°, was measured; in the second 
series, eo. All the mucosae in these experiments were maintained under 
short-circuit conditions, and simultaneous values of i,. and og+ obtained. 

As a preliminary check, a mean value of ®°) was calculated from the data 
in the first series by the use of Equation 1. This value is compared with the 
mean, measured ®$, from the second series of measurements, in Table II. 
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Fic. 5. Time course of a typical experiment, showing the effect of diamox on the 


gastric mucosa in the resting and secreting states. The symbols are those used in 
previous figures. 


( gWO/SdWV7) LNZYYND LINDYID --LYOHS 


ACID SECRETION RATE ( »EQ/CM?HR) 
(SOAITIIN) =3ON3YSISIO “WILN3LOd 


TABLE II 
Comparison of Measured and Calculated Chloride Fluxes, S — N 


| 
} 





Flux calculated 
Measured flux from Equation 1 





Chloride flux, secretory to nutrient surface,| 
peq./cm2 hr. 
S.D. +0.9 +1.0 


2.7 (37 periods) 2.7 (12 periods) 








From the good agreement of the measured and calculated fluxes, it is clear 
that Equation 1 is valid in the presence and absence of diamox. 

The effect of diamox is thus shown to be an effect on the net transport of 
chloride ion. How this reduction is accomplished may be seen from the plot 
of secretory-to-nutrient chloride flux ®f, as a function of short-circuit cur- 
rent (Fig. 6). As pointed out above, the abscissa i,- is the net, non-acidic 
chloride transport. It may be seen that the flux @°) is constant over a wide 
range of electrical activity, for normal mucosae. Furthermore, the addition of 
diamox, which lowers the short-circuit current, does not change (on the aver- 
age) the flux, @o!. Thus, a change in short-circuit current is reflected in a 
corresponding change in ®5, , while @°) remains constant (Equation 1). 
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This result yields information concerning the status of the carrier exchange 
diffusion of chloride, as defined by Ussing (15). There is evidence that most 
of the chloride exchanged across the mucosal membrane is in combined form 
(3-5). Since normally the net movement of chloride is always in the same 
direction, nutrient to secretory, the exchange diffusion is equal to the chloride 
flux in the opposite direction, less the contribution of free diffusion to this 
flux. The rate of free diffusion of chloride across the normal mucosa is not 
exactly known, but is presumably rather small and constant at a given elec- 
trical p.p. Changes in the secretory-to-nutrient flux of chloride may therefore 
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Fic. 6. Compilation (46 experimental periods) of secretory-to-nutrient chloride 
flux and corresponding short-circuit current. Crosses denote periods with normal 
mucosae, and solid circles, periods with mucosae treated with diamox. The data 
include both secreting and non-secreting mucosae. 


be taken as indicating changes in the carrier exchange diffusion rate. Conse- 
quently, the constancy of the flux ®$) , with and without diamox, shows a 
corresponding stability in the magnitude of the exchange diffusion of chloride 
across the gastric mucosa. 

The results indicate that diamox changes the normal relationship between 
secretory and electrical activity. Without diamox, the short-circuit current is 
independent of the rate of acid secretion; with diamox, the short-circuit cur- 
rent varies in the direction opposite to changes in the rate of acid secretion. 
The latter effect might be explained as follows. Assume an increase in the 
active, net transport of H ions, while chloride ion output remains constant. 
The requirement for an equivalent amount of Cl- in HCl would result in an 
equivalent reduction of the short-circuit current. If this were the case, a one- 
to-one ratio between increase in acid secretion and decrease in short-circuit 
current (and vice versa) would be found after diamox. 

The experimental relationships may be seen in Table III. For A, in which 
histamine was added in the presence of diamox, the decrease in current is 
four times the increase in secretion rate. If diamox and histamine, together, 
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are treated as the effective agent (B), no change in rate of acid secretion was 
observed on the average, with an accompanying large reduction in short- 
circuit current. In C, the effects of the addition of thiocyanate, in the presence 
of diamox and histamine, are listed. In this case, the rate of acid production 
was decreased, and short-circuit current increased; but as in A and B, the 
observed changes are far from equivalent. 


TABLE III 
Stoichiometric Relationship between Changes in Short-Circuit Current and Acid Secretion 





A 
Effect of histamine, 
in presence of 
diamox 


B 
Effect of diamox + 
histamine in normal 
mucosae 


Cc 
Effect of thiocyanate 
in presence of 
diamox 





No. of measurements 13 15 








Change in acid secretion rate 0.3 —0.2 
(Acn*) 

S.D. 

Change in short-circuit current 
(Aise) 


S.D. 


+0.8 
—3.1 


+1.1 

















DISCUSSION 


It is known that normally some chloride transport, accompanied by the 


output of electrical energy, takes place in the absence of any detectable acid 
secretion. This is true for the resting state, and also after inhibition of acid 
secretion by thiocyanate. We shall call the mechanism responsible for this 
chloride transport, at rest, the basal chloride pump. The question arises as 
to whether, and how, this basal Cl transport mechanism participates in the 
formation of acid. It might do so chemically, by providing the Cl ions for 
the acid secretion, or physically, by maintaining the electrical P.p. which 
seems favorable to the movement of H ions. In the first case the acidic chloride 
would be secreted at the expense of the non-acidic chloride. If the basal chlo- 
ride output remained constant, any increase in acid secretion would be ac- 
companied by an equivalent drop in short-circuit current. This, however, 
has not been found for the normal mucosa, as shown schematically in Fig. 
7 A. The short-circuit current changes very little, if acid secretion is initiated 
or increased. The same is true if the acid secretion is inhibited by thiocyanate. 
Hence, acid secretion at any rate, entails an equivalent and genuine incre- 
ment in active chloride transport. This increment does not seem to be a direct 
effect of histamine. Histamine does not change the Cl output if acid secretion 
is inhibited by thiocyanate, which by itself does not affect the basal Cl trans- 


port. 
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The incremental or acidic chloride output is either due to an increased 
activity of the basal Cl pump, or derives from a mechanism other than the 
basal Cl pump. In the latter case, the basal Cl pump need not have any chem- 
ical function in acid secretion at all, whereas the accessory pump for acidic 
chloride might be linked with, or even identical to, the mechanism of H ion 
secretion. 
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Fic. 7. Schematic diagram, showing the rates of acidic and non-acidic chloride 
outputs for the secreting and non-secreting mucosa. A, normal mucosae; B, mucosae 
under the influence of diamox. 


The assumption, that acidic and non-acidic Cl output originate from different 
mechanisms, would be supported if these mechanisms could be separated 
from each other. It has already been mentioned that the basal Cl pump may 
be active without acid secretion, e.g. in the resting state, or under thiocya- 
nate. On the other hand, diamox in combination with histamine has been 
found to reduce, or even abolish, the short-circuit current, while acid is se- 
creted at an almost normal rate (Fig. 7 B). These findings show that acid 
secretion is possible in the absence of any measurable electromotive force. 


One may conclude that non-acidic chloride transport is not essential for acid 
secretion. 
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Absence of the electromotive force, however, does not necessarily indicate 
complete inhibition of the basal chloride pump. The actual extent of this 
inhibition is difficult to evaluate, in view of the fact that complete disappear- 
ance of the short-circuit current under diamox requires the presence of strong 
acid secretion. Since the acidic chloride under these conditions may be pro- 
vided by the basal chloride pump, it cannot be decided whether this pump 
is essential for acid secretion or not. 

While under diamox, in the presence of acid secretion, the inhibition of 
the basal chloride may not be complete, a partial inhibition certainly takes 
place. This follows from the finding that under the influence of diamox the 
acid secretion is always much smaller than the concomitant drop in short- 
circuit current. Likewise thiocyanate makes the short-circuit current rise 
much higher than would be equivalent to the corresponding drop in acid se- 
cretion. Fig. 7 B illustrates schematically these relationships, which indicate 
a real depression of the total, and hence of the basal, chloride output. 

It seems that diamox bares a peculiar dependence of the basal chloride 
pump on the acid-producing mechanism, which does not appear under normal 
conditions. The nature of this interdependence cannot be defined at present. 
It suggests some kind of linkage between the two mechanisms involved 
by a common factor. To the extent that the effects of diamox result from an 
inhibition of the enzyme carbonic anhydrase, this common factor might be 
CO.. In this connection, it is of interest to note the results of Teorell (6). 
Under conditions in which the bicarbonate ion concentration was negligible 
in the nutrient solution, he found appreciable acid secretion with an unusu- 
ally small, spontaneous potential difference across the mucosa. 

The effect of diamox, in combination with histamine, on the basic Cl pump 
is more specific and of a different nature, than is the corresponding effect of 
metabolic inhibition. Unlike metabolic inhibition, diamox and histamine 
leave acid secretion and also the Cl exchange diffusion largely intact. In view 
of this dissimilarity, the common factor for which basal Cl pump and acid- 
producing mechanism might compete is not likely to be metabolic energy. 

In summary it may be stated that the described observations are consist- 
ent with the hypothesis that the E. M. F. is a manifestation of an active chlo- 
ride pump. The question as to whether the chloride required for acid secre- 
tion is supplied by this pump or by a separate mechanism, e.g. directly by 
the mechanism for acid secretion, cannot be answered at present. The ex- 
periments, however, strongly support the view that the gastric E.M.F. and 
acid secretion involve different mechanisms. The acid secretion does not 
seem essential for the E.m.F., nor does the E.M.F. seem essential for the acid 
secretion. The failure of diamox to block acid secretion in our experiments 
speaks against an essential function of the enzyme carbonic anhydrase in 
acid secretion. On the other hand, if the effect of diamox on the electromo- 
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tive force is due to an inhibition of carbonic anhydrase, we may conclude 
that this enzyme has an essential function in active chloride transport. 


Note Added in Proof—More recent observations seem to verify that the effect of 
diamox on the E.M.F. is due to the inhibition of carbonic anhydrase. CL 8490, an 
N°-methyl derivative of diamox, without appreciable activity as an inhibitor of car- 
bonic anhydrase, was found to have no effect on the gastric E.m.F. On the other hand, 
two inhibitors of carbonic anhydrase, dichlorphenamide and chlorothiazide, depressed 
the e.M.F. of the secreting stomach, the first more strongly, the second less strongly, 
than diamox. The potency of the three inhibitors, dichlorphenamide, diamox, and 
chlorothiazide in depressing gastric E.M.F. seems to be proportional to their relative 
activities as inhibitors of carbonic anhydrase, as measured in vitro. 


The authors wish to thank Dr. A. K. Solomon for his helpful criticism and sup- 
port. 
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SPATIAL SUMMATION OF INHIBITORY INFLUENCES IN 
THE EYE OF LIMULUS, AND THE MUTUAL 
INTERACTION OF RECEPTOR UNITS* 
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(From The Rockefeller Institute for Medical Research) 


(Received for publication, December 13, 1957) 


ABSTRACT 


The inhibitory influences exerted mutually among the receptor units (ommatidia) 
of the lateral eye of Limulus are additive. If two groups of receptors are illuminated 
together the total inhibition they exert on a “test receptor” near them (decrease in 
the frequency of its nerve impulse discharge in response to light) depends on the com- 
bined inhibitory influences exerted by the two groups. If the two groups are widely 
separated in the eye, their total inhibitory effect on the test receptor equals the sum 
of the inhibitory effects they each produce separately. If they are close enough to- 
gether to interact, their effect when acting together is usually less than the sum 
of their separate effects, since each group inhibits the activity of the other and hence 
reduces its inhibitory influence. However, the test receptor, or a small group illumi- 
nated with it, may interact with the two groups and affect the net inhibitory action. 
A variety of quantitative effects have been observed for different configurations of 


three such groups of receptors. The activity of a population of m interacting elements 
is described by a set of m simultaneous equations, linear in the frequencies of the re- 
ceptor elements involved. Applied to three interacting receptors or receptor groups 
equations are derived that account quantitatively for the variety of effects observed 
in the various experimental configurations of retinal illumination used. 


The inhibition that is exerted mutually among the ommatidia of the lateral 
eye of Limulus depends on the degree of activity of each of these receptor units. 
It also depends on the number and location of units interacting: the discharge 
of nerve impulses by a given ommatidium is slowed to an extent that is greater 
the larger the number of other ommatidia that are illuminated in its vicinity 
and the closer they are to the ommatidium in question (Hartline, Wagner, 
and Ratliff, 1956). When many receptor units are active in an eye—each 
one affecting and affected by its neighbors—the resulting pattern of activity 
is determined by a set of simultaneous relationships that expresses not only 


* This investigation was supported by a research grant (B864) from the National 
Institute of Neurological Diseases and Blindness, Public Health Service, and by 
Contract Nonr 1442(00) with the Office of Naval Research. Reproduction in whole 
or in part is permitted for any purpose of the United States government. 
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the distribution of external stimulating light over these elements, but also 
the magnitudes of the inhibitory influences exerted mutually among them 
and the way in which the influences from many elements combine to affect 
the activity of each one. 

In a preceding paper (Hartline and Ratliff, 1957) we dealt specifically with 
interaction between pairs of receptor units. We showed that a pair of simul- 
taneous linear equations is required to describe the frequency of the discharge 
of nerve impulses from two ommatidia in the eye, illuminated independently 
of one another. When more than two interacting receptor units are activated 
simultaneously, so that each is subjected to inhibition from more than one 
other, the set of simultaneous equations must also describe how the inhibi- 
tory influences from several receptor units combine in exerting their net in- 
hibition upon any given receptor unit. It is the purpose of this paper to pre- 
sent experimental results establishing the law of spatial summation of 
inhibitory influences in the eye of Limulus, to proceed with the construction 
of the set of simultaneous equations governing the action of a number of in- 
teracting ommatidia, and to show some of the consequences of the mutual 
inhibitory interaction when more than two receptors are illuminated simul- 
taneously at various intensities. 


Method 


In each of the experiments reported here, we recorded the discharge of impulses 
in a single optic nerve fiber from the lateral eye of Limulus when the ommatidium 
in which it originated was illuminated. We then determined the inhibitory effects of 
illuminating nearby regions of the eye. The ommatidium from which activity was 
recorded was stimulated by a spot of light of constant intensity, usually so small as 
to be confined to its facet. The inhibitory effect on this “test receptor,” when other 
receptor units in its vicinity were being illuminated, was measured by taking the dif- 
ference between the frequency of discharge of the test receptor when it was illuminated 
by itself and its frequency when it was illuminated together with the other receptors. 
It has already been shown that the magnitude of the decrease in frequency produced 
by a constant inhibitory influence is independent of the level of activity of the test 
receptor (Hartline, Wagner, and Ratliff, 1956). 

The receptors whose inhibitory influences were to be studied were illuminated by 
patches of light, usually circular and about 1 to 2 mm. in diameter, centered several 
millimeters from the facet of the test ommatidium. Approximately 10 to 20 omma- 
tidia would be illuminated uniformly by such patches of light. The several groups of 
receptors and the test receptor were illuminated through separate optical systems to 
minimize the effects of scattered light. The amplified action potential spikes were 
either recorded oscillographically or registered by an electronic counter suitably 
“gated” for a desired interval of time. Frequency determinations were always made 
2 or 3 seconds after the onset of any illumination to permit the transient changes in 
frequency to subside before impulses were counted; the counting intervals were 5 to 
10 seconds long. Thus the present paper, like the preceding one, deals only with the 
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steady levels of the receptor discharge and the steady inhibition exerted upon it. The 
exposures were made at regular intervals, usually 2 minutes or more, to minimize 
cumulative effects of light adaptation. All measurements required for each deter- 
mination of an inhibitory effect were made at least in duplicate, in an order designed 
to minimize systematic errors. Details of our method are described in the previous 
papers already cited. 


RESULTS 


We have analyzed the spatial summation of inhibitory influences by meas- 
uring the inhibition exerted on a test receptor separately by each of two small 
groups of ommatidia near it, and then by these two groups together. Since 
ommatidia close to each other in the eye inhibit one another mutually it may 
be anticipated that in general the results of such an experiment will depend 
on the amount of interaction between the two groups. We will begin with a 
case in which there was little or no interaction. This could easily be achieved 
experimentally, since the interaction between ommatidia is less the greater 
their separation (Hartline, Wagner, and Ratliff, 1956; Ratliff and Hartline, 
1957); consequently it was possible to choose two regions of the eye, on either 
side of the test receptor, that were too far apart to affect each other appre- 
ciably, but that still were close enough to the test receptor to inhibit it sig- 
nificantly. 

The results of such an experiment were quite simple, as shown in Fig. 1: 
the inhibitory effect on the test receptor produced by the groups of receptors 
on either side of it, when both were acting together, was equal to the sum of 
the inhibitory effects produced by these groups acting separately. Measure- 
ments of the discharge frequency of the test receptor were made for several 
different intensities of light on the inhibiting receptor groups, in various com- 
binations. For the points at the upper end of the graph, both receptor groups 
were illuminated at high intensity; for those at the lower end, both were il- 
luminated at low intensity. For the intermediate points, some were obtained 
by equal illumination of the two groups of receptors at intermediate intensi- 
ties, others by illuminating one group at high intensity and the other at low 
intensity, and still others with these unequal intensity relations interchanged. 
A line has been drawn through the origin with a slope of unity, representing 
equality between ordinates and abscissae. Most of the points lie as close to 
this line as is in accord with the reproducibility of the measurements. The 
fact that some of them fall slightly above the line will be discussed below. 
No systematic effects of different combinations of intensities were noted in 
the data. Many other less extensive experiments gave similar results; some 
of these will appear below. 

It is our suggestion that the experiment of Fig. 1, and those like it, establish 
the law of spatial summation of inhibitory influences in the lateral eye of 
Limulus, for the steady levels of response to steady illumination: the total 
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Fic. 1. The summation of inhibitory effects produced by two widely separated 
groups of receptors. The sum of the inhibitory effects on a test receptor produced by 
each group acting separately is plotted as abscissa; the effect produced by the two 
groups of receptors acting simultaneously is plotted as ordinate. The solid line is 
not fitted to the experimental points, but instead is drawn through the origin with 
a slope of 1.0 (equality of ordinates and abscissae); a line fitted to the points by the 
method of least squares would have the equation y = 1.030x — 0.11. 

The two spots of light used to stimulate the two groups of receptors were each 
1.0 mm. in diameter, each illuminating about a dozen receptors, and were 4.6 mm. 
apart on the eye. The test receptor, located midway between these two spots of 
light, was illuminated by a third small spot of light of constant intensity confined 
to its facet. Several intensities of illumination were used for the two larger spots, 
in various combinations (see text). 

Exposures were for a period of 8 seconds; 2 seconds after onset, the counter regis- 
tering the number of impulses from the test receptor was gated for a period of 5 
seconds. Frequency measurements obtained when the test receptor was exposed 
alone were interspersed between measurements obtained when it was illuminated 
together with one or the other or both of the inhibiting spots. Two such series of 
measurements were made for each combination of intensities on the inhibiting regions, 
and the corresponding frequencies averaged. 
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inhibitory influence exerted by more than one group of receptor units is equal 
to the sum of the inhibitory influences exerted by each group. We will show 
how this simple law can explain a variety of experimental results. 

When the regions illuminated to inhibit a test receptor were not widely 
separated, their combined influences produced an effect that was no longer 
equal to the sum of their separate effects. An example is shown in Fig. 2. 
Spots of light were projected onto the eye in three different locations near a 
test receptor, singly and in combination. The locations of these small regions 
were chosen to produce inhibitory effects that were nearly the same for each 
when illuminated singly. Two of these locations were close together, the third 
was some distance away from these two. Each panel of Fig. 2 is a map of the 
region of the eye in the vicinity of the test receptor (marked X) showing the 
locations of the spots of light and the decrease their exposure produced in 
the number of impulses discharged by the test receptor in 8 seconds (num- 
bers at the right). The three panels on the left show the inhibitory effects of 
each of the three spots exposed singly, the three on the right show the effects 
when they were exposed in pairs. For the upper two panels on the right, the 
most widely separated pairs of spots were used. These two cases resemble 
the experiment of Fig. 1, just described. In each of these cases the decrease 
in frequency produced by the two spots together was almost equal to the 
sum of the decreases produced by each one of them alone (40 compared with 
22 + 22, and 42 compared with 22 + 23). The bottom panel on the right 
shows that the two spots close to each other together produced an inhibitory 
effect (35) considerably less than the sum of the effects they produced singly 
(22 + 23). This experiment illustrates results we have obtained invariably in 
many experiments: simultaneous illumination of receptor groups that were 
close together produced an inhibitory effect on a test receptor in their neigh- 
borhood that was less than the sum of the separate effects produced by il- 
lumination of each group singly. 

Our interpretation of this experimental result is based on the fact that 
the inhibitory influence exerted by a receptor unit depends on its activity, 
which is the resultant of the excitation provided by the stimulating light and 
whatever inhibition may in turn be exerted upon it by other receptor units 
in its neighborhood (Hartline and Ratliff, 1957). In the experiment of Fig. 
2, the spots of light to the right of the test receptor illuminated receptor 
groups that were close enough together to inhibit one another. As a result, 
the amount of receptor activity produced in each group, and hence the in- 
hibitory influence exerted by each group, must have been less when both 
groups were illuminated together than when each was illuminated separately. 
Consequently, the inhibitory effect produced by the combined influences of 
these two groups on the test receptor when both spots of light were shining 
should have been less than the sum of the inhibitory effects produced by 
each receptor group illuminated alone. This is what was observed. 
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Fic. 2. The summation of inhibitory influences exerted by two widely separated 
groups of receptors and by two groups of receptors close together. Each panel in the 
figure is a map of the same small portion of the eye. The test receptor, location indi- 
cated by the symbol X, was illuminated steadily by a small spot of light confined to 
its facet. Larger spots of light could be placed singly in any of three locations, as 
shown in the three panels on the left side of the figure, or in pairs, as shown in the 
three panels on the right. The filled circles indicate the spots actually illuminated in 
each case; the other locations (not illuminated) are indicated in dotted outline merely 
for purposes of orientation. The number of impulses discharged from the test receptor 
in a period of 8 seconds was decreased upon illumination of the neighboring spot or 
spots by the amount shown at the right in each panel. Thus for the upper left hand 
panel, the test receptor when illuminated alone discharged 252 impulses in an 8 second 
period beginning 2 seconds after the onset of steady illumination on its facet. This is 
the mean of 39 determinations taken over a 2 hour period (¢, = 0.4). When the test 
receptor was illuminated together with the group of receptors indicated in the 
panel as being above it and to its left, it discharged 230 impulses in a correspondingly 
timed period. This is the mean of 6 determinations, ranging from 228 to 232, inter- 
spersed among the above controls and the determinations recorded in the other panels. 
The other determinations were made similarly. See text for discussion of results. 


It is the essential feature of this interpretation that the law of spatial sum- 
mation itself is not called into question; indeed, it is assumed that the in- 
hibitory influences exerted on any given receptor by other receptors in its 
neighborhood always add according to the simple law stated above. The 
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mutual inhibition among receptors, however, affects the quantitative out- 
come in any configuration of interacting elements. This interpretation is 
supported by the analysis of the following experiments. 

We have made quantitative determinations of the inhibitory effects pro- 
duced by the combined influences from two interacting regions of the eye, 
exerted on a test receptor (X) near them, for various intensities of illumina- 
tion upon them. For these experiments we have considered it sufficient to 
vary the intensity on only one of the regions (A), holding constant the in- 
tensity on the other (B). We have presented the results in terms of A’s effects 
on the response of X when A was illuminated together with B, expressed as 
a function of the amount of inhibition exerted on X by A alone. 


These determinations were made by measuring the frequency of discharge of nerve 
impulses from the test receptor, over the last 10 seconds of a 15 second exposure, in 
response to illuminating it alone and again when it was illuminated together with 
region A. The difference between the two frequencies is the measure of the inhibition 
exerted on X by A alone; we designate it Jx,a) and have used it as the abscissa of the 
point to be plotted. The frequency of discharge was next measured when the test 
receptor was illuminated together with region B; the difference between this frequency 
and the frequency of the test receptor illuminated alone is designated Jx,,). Finally, 
the frequency of X was measured with A and B illuminated together, yielding 
Txca +B). The difference between these last two measurements, (Ix(4+4 8) — Jx:p)), 
is the amount of inhibitory effect produced by A and B together in excess of the amount 
produced by B alone. This difference has been plotted as ordinate (y) at the abscissa 
already determined. This procedure yielded graphs with coordinates similar to Fig. 1, 
but with the origin shifted to the point at which both ordinate and abscissa equal 
the inhibitory effect of B alone (effect of A equal to zero). Regions between which 
there was no interaction would yield points lying on a line of slope +1, as in Fig. 1 
(provided the influence of the test receptor’s activity is negligible). This line has 
been dotted in the graphs we will show. 


Fig. 3 shows the results of several experiments of the kind just described; 
points from a particular experiment are identified by the same symbol. All 
the points in Fig. 3 fall below the diagonal (dotted) line; i.e., in all cases the 
total inhibitory effect of A and B acting together was less than the sum of 
their separate effects. In the experiment designated by the open circles, the 
points are only slightly below the dotted line; in this experiment the regions 
A and B were on opposite sides of the test receptor, about 4.0 mm. apart, 
and, as was the case in the experiment of Fig. 1, evidently interacted very 
little. The other experiments showed varying degrees of failure of the total 
effect to equal the sum of the separate effects. For the most part, the degree 
of such failure could be correlated with the separation on the eye of the re- 
gions A and B in the various experiments: the less the separation the farther 
the points fell below the diagonal line. But, as we shall see, the spatial rela- 
tions of all three illuminated regions affect the graphs. 
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Fic. 3. The summation of inhibitory influences exerted on a test receptor (X) by 
two groups of receptors at various distances from one another and from X. Each of 
the graphs was obtained from an experiment on a different preparation. In each case 
B refers to a spot held at fixed intensity and A refers to a spot illuminated at various 
intensities. As abscissa is plotted the magnitude of the inhibition (decrease in fre- 
quency of response of the test receptor in impulses per second) resulting from illumina- 
tion of A alone. In the text this quantity is designated Ix,a). As ordinate, y, is plotted 
the change in frequency produced by A when it acted with B; that is, the decrease in 
frequency produced by illumination of spots A and B together less the decrease 
produced by illumination of spot B alone. In the text this quantity is designated 
(Ixia +B) — Ixq)). 

For each frequency measurement the impulses in the discharges were counted over 
the last 10 seconds of a 15 second exposure; these measurements were made in dupli- 
cate and averaged for each determination of both ordinate and abscissa of each point. 
The standard error of the determination was of the order of 0.1 impulse per second for 
each point (see the legend of Fig. 2 in our previous paper for description of the pro- 
cedure comparable to that used in these experiments). 

The upper graph (open circles) was obtained in an experiment in which the two 
spots A and B were each centered 2 mm. from the test receptor, one on either side. 
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The results of any one experiment in Fig. 3 are adequately described by a 
linear relation between the variables that have been used. This relation is a 
consequence of two factors. The first is the linearity of the inhibitory influ- 
ence exerted by each receptor as a function of its degree of activity, estab- 
lished in our preceding paper; the second is the simple law of spatial sum- 
mation of inhibitory influences from more than one receptor, established by 
the experiment of Fig. 1 and those like it. We will show this in a theoretical 
section to be given below. We will also show that usually the stronger the 
interaction between two regions, the greater should be the depression of the 
line below the diagonal of the graph, and the smaller its slope, as is shown 
experimentally in Fig. 3. 

In one of the experiments of Fig. 3 (points marked by open triangles), re- 
gion A was located on the opposite side of region B from the test receptor, 
so far away from the latter that it exerted only slight inhibition on it when 
acting alone. In this case illumination of A together with B resulted in a de- 
crease instead of an increase in the net inhibitory effect—the ordinates of 
these points on the graph are all negative. This is a case of disinhibition, dis- 
cussed in our preceding paper, and is in fact taken from the experiment de- 
scribed in Fig. 6 of that paper. Disinhibition illustrates with especial force 
the need to consider the mutual interaction of the receptors in analyzing 
the effects of inhibitory influences in the eye. 

Up to this point we have considered only how the inhibition of a test re- 
ceptor by groups of receptors in its neighborhood is modified by the inhibi- 


tory interaction between these groups. We have neglected the influence that 


A was 1 mm., B 1.5 mm. in diameter. The average value of Jx(p) was 2.55. The equa- 
tion of the line is: y = 0.903 Ix;a) — 0.057. For the second graph (filled triangles), 
A and B were on the same side of the test receptor, equidistant from it (centered 
1.25 mm. from X, 1.9 mm. apart); they were each 1.75 mm. in diameter. Average 
Ixqs) = 2.72. Equation of line: y = 0.670 Ixca) + 0.043. For the third graph (open 
squares) A and B were rectangular patches of light 2.5 mm. long, 0.75 mm. wide 
long edges parallel, the adjacent edges being 0.2 mm. apart. The test receptor was 
0.75 mm. from one end of B, on the prolongation of its center line. Average Ix~s) = 
2.72. Equation of line: y = 0.588 Ixia) — 0.253. For the fourth graph (filled dia- 
monds), B was a spot 1.1 mm. in diameter centered 1.0 mm. from the test receptor; 
A was a rectangular patch (approximately 2 mm. X 3.5 mm.) on the opposite side 
of B from the test receptor, centered 2 mm. from the center of B. Average Ixq@) = 
2.66. Equation of line: y = 0.288 Jxca) — 0.359. The fifth graph (open triangles) was 
obtained from the experiment described in Fig. 6 of our previous paper (Hartline and 
Ratliff, 1957). As in the fourth graph, A was on the opposite side of B from the test 
receptor, but the patches of light were more widely separated. Average Ix~s) = 4.97. 
Equation of line: y = —1.12 Ix:a) + 0.05. All lines were fitted to the points by the 
method of least squares. For all cases, the frequency of discharge of the test receptor 
when illuminated alone (ex) was of the order of 20 impulses per second. 
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the test receptor itself may have on the activity of these groups, and how 
this might be reflected in the inhibition they exert. It is true that this in- 
fluence must have been comparatively small in the experiments we have 
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Fic. 4. The summation of inhibitory influences exerted by two widely separated 
groups of receptors upon a test receptor within a third active group of receptors. 
Spots A and B were located on either side of the test receptor. They were each ap- 
proximately 1.0 mm. in diameter and were centered about 2.0 mm. from the test 
receptor. Unlike the previous experiments, the illumination on the test receptor 
was not confined to its facet: the spot of light used was about 1.0 mm. in diameter 
and illuminated some 8 or 9 receptors in addition to the one in the center of the group 
from which the discharge of impulses was recorded. Abscissae and ordinates as in 
Fig. 3. The positions of the points above the dotted diagonal reflect the influence of 
the test receptor group, as discussed in the text. Because of the variability of the 
points in this experiment the slope of the line that should be drawn through them 
cannot be determined with precision. The line that has been drawn is in accordance 
with plausible assumptions concerning the constants of the interacting system as 
given in the text of the section on Theory. Average xcs) = 1.55. The equation of 
this line is: y = 1.13 Ixcay + 0.20. 
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reported thus far, for the test receptor region was illuminated by a spot of 
light confined to just that one ommatidium from which impulses were re- 
corded, while the illumination on each of the adjacent regions usually cov- 
ered 10 to 20 ommatidia. Nevertheless, the test receptor is a member of the 
interacting system and its influence on the other receptor units must be in- 
cluded in a complete description of this system. 

The influences exerted by the test receptor region can be augmented be 
enlarging the spot of light projected on it, so that several other ommatidia 
are illuminated in addition to the one from which impulses are recorded. The 
effects of this group that includes the test receptor are most clearly seen in 
experiments in which the other two regions, A and B, are widely separated, 
so that they do not interact with one another. It is easy to predict the result 
of such an experiment: the activity of the ommatidia in groups A and B will 
be reduced by the inhibitory action of the group containing the test receptor; 
consequently the amount of inhibition they in turn exert back on the test 
receptor group will be less than if no such action took place. Since the ac- 
‘tivity of the test receptor and the others in its group will be less when both 
the region A and the region B are illuminated: together than when only one 
of them is illuminated, the receptors in each of these regions will be subject 
to less inhibition from the test receptor group when they act together than 
when one or the other of them acts alone. Consequently, the inhibitory ef- 
fect of A and B together will actually be greater than the sum of their sep- 
arate effects. 

Fig. 4 confirms this expectation; the experimental points fall above the 
diagonal line of the graph by a significant amount. Likewise, in Fig. 1 some 
of the points fell above the diagonal of the graph; evidently the test receptor 
had an effect in this experiment even though we had confined the spot of 
light to its facet alone. It should be realized, of course, that the test receptor 
also must have exerted its influences in the other experiments we have de- 
scribed (Fig. 3), affecting the positions and slopes of the lines. The theoreti- 
cal treatment developed in the next section will clarify and render more exact 
the understanding of the diverse effects that result from the interaction of 
all three receptor groups under different experimental conditions. 


THEORY 


In our preceding paper, we showed that the activity of two interacting re- 
ceptor units may be described by a pair of simultaneous linear equations: 


ra = en — [Kap (r3 — rap)] 
(1) 


rp = ep — [Kaa (ra — rpa)] 


In each equation, the response (r) of the receptor to which that equation ap- 
plied was put equal to the excitation (e) of the receptor minus a term rep- 
resenting the inhibition exerted on it by the other receptor. This inhibitory 
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term was written in accordance with the experimental findings, as a linear 
function of the response of the other receptor. 

When three receptors (A, B, and X) are active, three simultaneous equa- 
tions will be required. Each equation will contain two inhibitory terms simi- 
lar to those just mentioned, combined by simple addition as required by the 
law of spatial summation that we have established experimentally in the 
present paper. These equations are: 


ra = en — [Kap (rs — Ton + Kax (rx — rax)] 
rs = en — [Kax (rx — r'ax) + Koa (ra — rpa)] (2) 
rx = ex — [Kxa (ra — xa) + Kxn (ra — rxp)] 


In these equations, the notation is that adopted in our preceding paper. The response, 
r, of a particular receptor unit, designated by an appropriate subscript, is measured 
by the steady frequency of the discharge of impulses in its optic nerve fiber, elicited 
by steady illumination of its corneal facet at a specified intensity, under whatever 
conditions of neighboring illumination may also be specified. The excitation, e, of this 
unit is defined as the receptor’s response to this same intensity when it is illuminated 
by itself. The subscripts serve to identify the respective receptor units: r, is the re- 
sponse of ommatidium A, etc. Each inhibitory term is written to express the experi- 
mental facts, established in our preceding paper, that for each receptor unit there is a 
“threshold” frequency (represented by the constant 7°) below which it exerts no 
inhibition on a particular neighboring unit, and that the magnitude of inhibitory 
influence it exerts on that particular neighbor is directly proportional to the amount 
by which its frequency exceeds this threshold. The constant of proportionality, K, 
in each term is labelled with subscripts to identify the receptor units interacting. 
These subscripts are ordered to indicate the element acted upon and the element 
exerting the influence. Thus Kx is the coefficient of the inhibitory action exerted on 
ommatidium A by ommatidium B. 

Unfortunately for the simplicity of the treatment, the threshold constants as well 
as the Ks must also be labelled so as to distinguish the receptor units involved in the 
inhibitory action. For it has turned out (experiments not yet published) that the 
threshold frequency for the action of one receptor on a second is not necessarily the 
same as the threshold for the action of the first receptor on a third (e.g., rBa ¥ rxa), 
and in our previous paper we showed that thresholds for the mutual inhibition of two 
receptors are often different for the two directions of action (e.g., rip # ra). 

Equations (2) apply only in the range of conditions for which their solutions yield 
values of r such that none of the quantities (r — r*) is less than zero. 


The above equations are meant to apply strictly to individual interacting 
receptor units; however, it is reasonable to extend their meaning to apply 
to small groups of receptors, such as have been studied in the present experi- 
ments. This extension can be made rigorously if it is assumed that every 
receptor in a given group has the same properties and that each is subject to 
equal influences from every other member of that group, and furthermore 
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that each receptor within a given group is subject to equal influences from 
every receptor in any other particular group. Even if the properties of the 
receptors and the influences exerted are not exactly uniform in this sense, it 
is plausible to assume that this extension of the equations will yield a useful 
approximation. 

With this extension understood, a response, 7, in any equation of a given 
set refers to the frequency of discharge of a typical receptor in the group 
specified by the subscript attached to r when that group was illuminated 
together with the other groups in the given experimental configuration. Simi- 
larly an excitation, e, will be understood to refer to the response of a typical 
receptor in the group specified by the attached subscript when that group 
was illuminated alone. Each coefficient, K, will be understood to refer to the 
coefficient of the inhibitory action exerted on each receptor in the group 
specified by the first subscript of K, by the receptors acting together in the 
group specified by the second subscript. Thus K,, would be given by the 
decrease in frequency of a typical receptor in group A per unit increment 
in frequency of a typical receptor in group B. 

In any given configuration of illumination on the receptor mosaic the total 
inhibition exerted on a receptor in a particular group by the other groups of 
receptors will be given by one of the expressions in square brackets in the 
set of equations appropriate to the configuration. It is convenient to designate 
it by a single term, J, labelled so as to identify the interacting groups. Thus 
the entire expression in the square brackets of the third equation of (2) will 
be designated Jx:4 +). It represents the total inhibition exerted on the test 
receptor (one of the group X) by groups A and B acting together. For the 
measurements in which the test receptor group was illuminated together 
with A alone, and for those with B alone, two pairs of equations similar to 
(1) are required, appropriately labelled. The inhibition measured in these 
two cases will be designated respectively Zx (4) and Ix mp). It is these quanti- 
ties, J (= e — r), that are needed in the discussion of the experiments, for 
they are determined from measurements of frequencies for the uninhibited 
and inhibited conditions taken in such order as to minimize effects of drift 
and systematic errors on their averages. 

In the experiments we are discussing in this paper each experimental point 
is obtained from determinations of Ix,4), Zxcp), and Ix, 4 p) (see section on 
Results). The three sets of equations yielding these quantities can be solved 
for them in terms of the es, the Ks, and the r°s. The solutions can be com- 
bined, and after appropriate eliminations yield Zx:4 4 ») as a linear function 
of Ixia) and Ixqp): 


Ixcasp) = Mixa) + Nixa +R (3) 


M = (1/D) (1 — KxaKax) (1 — KeaKxp/Kxa) 
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N = (1/D) (1 — KxsKopx) (1 — KapKxa/Kxs) 
R = (1/D) (Kea (Kxp — KxaKas) (ra — rxa) + Kan (Kxa — KxpKpa) Gas — rxs)] 
D = 1 — KxaKax — KxpeKax — KapKpa + KaxKxpKpa + KxaKpxKas 


In the experiments that were described in Fig. 3, we varied the intensity 
on only one of the spots of light (A), holding that on B constant, and found 
it convenient to plot as ordinate (y) the quantity (U/xi~a+s) — Jxq@)). This 
may be described as A’s effect in the presence of B. (This practice permits 
several experiments, for which Ixy) had widely different values, to be rep- 
resented in a single figure.) 

Equation (3) thus accounts for the linearity of the graphs in Fig. 3. The 
slope and position of each graph yield an experimentally determined value 
of M and of the intercept yo. The kind of experiments reported in this paper 
cannot provide enough information to evaluate separately the six coeffi- 
cients, K, and the four thresholds, r°, that occur in equation (3). Therefore, 
the particular values of these constants that occur in combination in the 
expressions for M and yo may be chosen with considerable latitude, although 
consideration of the sizes and separations of the interacting groups narrows 
this choice. We will show, for each experiment in Figs. 3 and 4, that plausible 
choices of the constants can be made to account for the observed values of 
the slopes and positions of the graphs. The theory may thus be used to ac- 
count for the diverse effects obtained by various configurations of interacting 
groups of receptors. Special cases for which simplifying assumptions can be 
made will be considered first. 

In most experiments the group (X) contained the “test” receptor alone; 
the influence of a single receptor on larger groups is comparatively small, 
and may be neglected in a first approximation (Kax, Kgx = 0). To begin 
with, we may note that if the groups of receptors A and B exert no inhibi- 
tion on each other (Kan = Kpa = 0), then Jxa 48) = Jxcay + Jxq@). This 
was essentially the situation in the experiment of Fig. 1, when A and B were 
on opposite sides of X, too far apart to affect one another. 

The consequence of interaction between A and B is clearly seen if we con- 
sider a symmetrical configuration in which these groups are of equal size, 
and are equally distant from X. Because of the symmetry, A and B may 
usually be assumed to have equal coefficients of action on each other, (Kas 
= Kg, = K), and on X, (Kx, = Kx). Equation (3) (neglecting R) then 


yields Ixia +3) = <<: (Ixia) + Ixcp)); the net effect of A and B acting 


together should thus be less than the sum of their separate effects, as experi- 
ments have shown. Moreover, the greater the interaction (the closer A and 
B are to one another) the greater should be the amount by which the net 
effect falls below this sum. In the experiments that provided the data for the 
upper three curves of Fig. 3 the configurations of the illuminated groups 
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were approximately symmetrical. On the assumption that the inhibitory 
coefficients were indeed symmetrical, the slopes of these lines would be ac- 
counted for by values of K of 0.11, 0.50, and 0.70 (top to bottom, respec- 
tively). 

If the influences are not exerted symmetrically by the groups A and B on 
the test receptor or on each other, the slope M of the line in a plot like Fig. 
3 is affected. Thus, if the receptor group on which the intensity is being var- 
ied (A) has a smaller coefficient of action on the test receptor than the other 
group (B) (so that Kxp/Kxa > 1), the slope M may be much reduced, even 
though the interaction between A and B is only moderate (Kap and Kya 
small). This was the case in the experiment whose graph in Fig. 3 is.next to 
the bottom (diamonds). The numerical value of the slope of this line can be 
accounted for by assuming that Kan = Kg, = 0.30, but that Kxp = 2.5 Kx, 
(since B was closer to X than was A). 


A closer consideration of the experiments represented by the upper three graphs 
of Fig. 3 suggests that in these experiments also the influences were probably not 
strictly symmetrical. For the uppermost graph (open circles) the spot B was about 
twice the size of A; if the influences each exerted on the other and on X were in this 
ratio, the observed value of the slope M could be accounted for by the assumptions 
2Kpa = Kap = 0.10; 2Kxq = Kxp. For the third graph from the top (squares) 
A and B were equal in size but B was closer to X than was A, and might be expected 
to have affected X more strongly than did A. The assumptions Kg, = Kap = 0.27; 
Kxp = 1.7 Kxza yield the observed value of M. For the second graph from the top 
(solid triangles) there is some reason to prefer the assumption that the coefficients 
of the action on X were also unequal even though the geometrical configuration was 
symmetrical. The assumptions Kg, = Kap = 0.15; Kxp = 2.3 Kxg yield the ob- 
served value of M for this experiment. 


A sufficiently great inequality of coefficients, with A exerting compara- 
tively little direct influence on X, can even result in a negative slope 
(KpaKxp/Kxa > 1), as in the lower graph of Fig. 3 (open triangles). This is 
the case of disinhibition, which we have already discussed. The set of assump- 
tions Kg, = Kap = 0.30; Kxu = 6.7 Kxza is not implausible and yields the 
numerical value of M that was observed. 

If the inequality of the coefficients of the inhibitory action exerted on the 
test receptor is in the opposite direction, so that Kx, > Kxs, the slope of 
the line will be greater than if the coefficients are equal: it can equal or even 
exceed 1 even though A and B interact (Kxp/Kxa < Kan). We have per- 
formed one experiment in which A (the spot whose intensity was varied) was 
closer to the test receptor than was B, and exerted a stronger inhibition on 
it. This experiment yielded a line with a slope of 0.97. 


To account for the position of each line of Fig. 3, an appropriate value of R (Equa- 
tion 3) is required. Values of the individual constants that appear in the expression 
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for R may be assumed with some latitude, to yield the value required to fit the data. 
However, consideration of the known properties of the thresholds of inhibitory ef- 
fects restricts this choice, and these properties may manifest themselves directly in 
the experimental results. One example is the graph in Fig. 3 next to the lowest (dia- 
monds). In the experiment that provided the data for this graph, the region A was 
closer to the region B than to the test receptor. Consequently, it might be expected 
(on the basis of experiments reported elsewhere, Ratliff and Hartline, 1957) to have 
reached the threshold of its inhibitory action on B at a lower level of activity than 
that at which it began to inhibit X. At low levels, therefore, A would first produce 
an indirect effect on X, releasing it partially from B’s inhibition before its direct 
inhibitory action on X began. The graph should therefore begin at a negative value 
of y, as is indeed the case. The value of R we have given for this graph is negative 
(—0.26), reflecting the condition rba < rxa (one may assume rip & r&s, since B 
was roughly equidistant from A and X). It should be added that the necessity to find 
a suitable value of R affected the choice of the particular values of the Ks needed 
to account for the slope M. Similar considerations applied to the other experiments 
but the details need not be pursued here, for the principles are better illustrated by 
more informative experiments in which representative receptor activity is recorded 
simultaneously from more than one of the interacting groups. 


We may now turn to a consideration of the effect that the test receptor 
itself (or the group X including it) has on these relations. The simplest case 
to consider is a symmetrical configuration in which the two spots A and B 
are on opposite sides of the test receptor, too far apart to interact (Kaz = 
Kz, = 0; from the symmetry, Kx, = Kxp; Kax = Kpx). Then M = N = 


Be KxaKax . Thus in this case the slope of the line relating Ix:, +p) to 
1 — 2KxaKax 





(Ixia) + Ix) is greater than unity: the two regions together produce an 
inhibitory effect that is greater than the sum of their separate effects, as has 
already been explained (Fig. 4). The assumptions Kyx = Kpx = Kx,g = 
Kxp = 0.32; Kan = 0, Kpa = 0, account for the line that has been drawn 
through the points of Fig. 4. Turning to Fig 1, a reasonable value of Kx, 
= Kxpg = 0.5 would require only the small value of Kax = Kgx = 0.06 to 
account for the slope of a line fitted to the points by the method of 
least squares, which would be slightly greater than 1. It is evident that the 
effects of the test receptor, though small, probably never are entirely negli- 
gible, and must have been present in all the experiments of Fig. 3. 

The theory presented in this section is a logical development based on 
the experiments reported in our previous paper, taken together with the ex- 
periments in this paper that demonstrate the additivity of inhibitory influ- 
ences. These basic experiments dealt with the interaction of carefully iso- 
lated single receptor units, or at most with the interaction of small groups 
of receptors. To extend the theory to larger groups, we assumed a certain 
uniformity of action among the receptors of the groups. With this assump- 
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tion the theory is successful in providing a quantitative interpretation of 
the responses of a “test receptor” subject to influences of two nearby groups 
of illuminated ommatidia in a variety of configural relations. If correct, the 
theory should be capable of interpreting fuller experiments than those re- 
ported here, such as can be done by measuring the responses of more than 
one receptor unit. Indeed, simultaneous measurements of the discharges of 
impulses in three optic nerve fibers, one from each of three small groups of 
receptors, could furnish a complete illustration of the principles that have 
been discussed, and should provide a crucial test of the theory. Preliminary 
attempts have shown that such experiments are feasible. 

The establishment of the law of spatial summation of inhibitory influences 
permits the theory to be extended to describe the activity of any number 
of interacting elements. The set of simultaneous equations for m interacting 
receptors may be constructed by writing m equations, each with m-1 inhibi- 
tory terms combined by simple addition: 


6 <@ 1,2,...8 


ig 7 h— Koi (73 —- ri) j*#p (4) 


0 
v; <¢ T pi 


The same restrictions apply to this set of equations that have been stated 
previously: only positive values of e, r, K, and r° are permitted; the terms 
in the summation for which 7 = p are to be omitted; this set of equations 
applies only in the range of conditions for which no r is less than the asso- 
ciated 7° in any term. 


DISCUSSION 


It is our basic interpretation of the experiments described in this paper 
that the inhibitory influences exerted on any ommatidium in the lateral eye 
of Limulus by other ommatidia always combine by simple addition. As we 
have shown, this does not mean that the net inhibitory effect produced by 
two ommatidia, or two groups of ommatidia, when they act simultaneously 
on a third, is necessarily equal to the sum of the effects which they each pro- 
duce when acting alone. Indeed, we have shown that the net effect may range 
from values greater than the sum of the two separate effects to values less 
than that of one of the separate effects alone. Such results are entirely con- 
sistent with our basic interpretation, and reflect merely the consequences 
of the mutual interaction of the receptor units. 

Such a variety of effects obtained with only a few small groups of inter- 
acting receptor units presages the complexity that would be encountered in 
analyzing the pattern of responses of a large population of interdependent 
elements. But in principle we now have available the theoretical means for 
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expressing the simultaneous relations describing the activity of the entire 
population of receptors in the eye, and predicting how their mutual inter- 
actions would operate to affect the pattern of optic nerve activity for any 
configuration of interacting elements. Even when extended to a large num- 
ber of elements, the theory should remain manageable, thanks to the linear- 
ity of the inhibitory terms in the equations, and the simple additive law of 
combination of the terms; different degrees of interaction are fully expressible 
by the different values of the inhibitory coefficients and the thresholds for 
the inhibitory effects. 

In the mosaic of receptors that constitutes the sensory layer of the eye, 
the amount of inhibition exerted mutually between any two single receptor 
units is less the farther they are apart. We do not yet know the exact form 
of this dependence of the inhibitory influence on the separation of the inter- 
acting elements, or whether it can be expressed in any but statistical terms. 
Nevertheless, it is clear that this strong dependence of the inhibitory coef- 
ficients and the thresholds on distance introduces into the system a geo- 
metrical factor that must give to the inhibitory interaction special significance 
in retinal function. As a consequence, for example, the brightness contrast 
that retinal inhibition can engender must be accentuated in the neighbor- 
hood of sharp gradients and discontinuities of illumination in the retinal 
image. 

Because of the inhibitory interaction and its dependence on the spatial 
relations of the stimulated elements of the retinal mosaic, the degree of ac- 
tivity of each element is affected by the responses of all the others and by 
their spatial distribution. The pattern of optic nerve activity is more than a 
reproduction of the pattern of the various stimulus intensities distributed 
over the receptor mosaic; it is modified by the inhibitory interaction so as to 
accentuate various significant features of the configuration of light and shade 
in the retinal image. 
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ABSTRACT 


Assimilation of oxygen, inorganic phosphate, and ammonia nitrogen by normal T2 
phage and T2 ghost-infected E. coli B was studied. The rate of oxygen and phosphorus 
uptake by ghost-infected bacteria is similar to that of normal and phage-infected 
cells. The R.Q. in glucose-salts medium remains approximately 1. Assimilation of 
ammonia nitrogen by ghost-infected bacteria is maintained at a rate approximately 
80 per cent of normal. 

The inorganic phosphate which is assimilated was found to be incorporated into 
TCA-soluble compounds which were rapidly released into the medium. Within 5 
minutes after absorption of the ghosts there was a loss from the cell of TCA-soluble 
constituents including organic phosphorus and compounds which absorb at 260 my. 
No corresponding breakdown of nucleic acid present in the cell prior to infection could 
be detected. The incorporation of inorganic phosphate into organic linkages in the 
ghost-infected cell and its release into the medium were found to proceed at a rate 
approaching that of the incorporation of inorganic phosphorus into the nucleic acid 
of normal cells. The net increase in 260 my absorbing compounds appeared to be 
inhibited. 


INTRODUCTION 


Escherichia coli B in the logarithmic phase of growth normally synthesize 
from three to five times as much ribonucleic acid (RNA) as deoxyribonucleic 
acid (DNA) (1, 2). However, it has been demonstrated (3) that upon infec- 
tion of these organisms with T2 bacteriophage, net RNA synthesis is almost 
completely blocked while DNA synthesis is greatly accelerated. Subsequently, 
it was observed (4, 6) that the protein part of the phage (the ghost), though 
incapable of replication, was still able to inhibit synthesis of host nucleic 
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acid. Further work (7, 8) has shown that this inhibition is directed primarily 
against the formation of RNA. Since the inhibition of host nucleic acid syn- 
thesis is one of the important metabolic changes induced in the bacterial cell 
as a result of infection with the T2 virus or its protein coat, a study was ini- 
tiated to identify the site of this metabolic block. Since this work was 
completed, a similar study (9) has appeared which will be discussed later in 
the paper. 

Oxygen, phosphorus, and nitrogen assimilation by cells must, of course, 
precede any nucleic acid synthesis. It was, therefore, in the general plan of the 
work to determine whether utilization of these primary elements was inhibited 
or in some way alterec as a result of “infection” of the bacterial cell with 
ghosts.! 


Experimental Results 


Oxygen Consumption.—The following experimental procedure was used to measure 
the uptake of oxygen by normal, phage-, and ghost-infected E. coli B: Log phase cells 
were grown in the M-9 glucose-salts medium to a concentration of 5 X 10° per ml. 
These cells were pipetted into previously prepared Warburg vessels, the final composi- 
tions of which are given below. 





Vessel No. Center compartment Center well Sidearm 





1 1 ml. bacteria + 1.6 ml. 0.2 ml. 2 n KOH 0.2 ml. media 
media 
2 1 ml. bacteria + 1.6 ml. 0.2 ml. 2 n KOH 0.2 ml. (3 phage per ceil) 
media 
1 ml. bacteria + 1.6 ml. 0.2 ml. 2 n KOH 0.2 ml. (4 ghosts per cell) 
media 
1 ml. bacteria + 1.6 ml. 0.2 ml. 2 n KOH 0.2 ml. (8 ghosts per cell) 
media 
Thermobarometer 














As indicated, the multiplicity of phage infection was 3 and that of the ghosts, 4 and 8. 
Temperature equilibration (37°C) was allowed to proceed for 15 minutes and then 
normal respiration was measured for 30 minutes. The concentration of cells in the 
vessels at this time was about 5 < 10* per ml. The sidearms were tipped in and readings 
were taken at 10 minute intervals for 60 minutes. Aliquots were removed from dupli- 
cate vessels for viable cell counts at 0 and 5 minutes and for turbidity measurements 
at 30 minutes after the addition of the ghosts. At the end of the respiration measure- 
ments samples were also taken from the experimental flasks to determine turbidity 
and viability and these results appear in Table I. 


1 The term “infection with ghosts” is used in a sense analogous to “abortive virus 
infection” (10); that is, an infective process that does not necessarily result in the 
production of new virus particles by the infected cell. 
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The results of the oxygen uptake determinations are shown in Fig. 1 and 
Table II. A series of four more experiments gave results which were not qual- 
itatively different from those presented. It would appear then that the rate 
of oxygen consumption by E. coli B, multiply infected with ghosts, is not 
significantly different from that of the uninfected or phage-infected bacteria. 

French and Siminovitch (9, 11) have reported a marked inhibition of respira- 
tion upon T2 ghost infection of E. coli. They report that infection with a 
multiplicity of 4 ghosts per cell resulted in a decrease in oxygen consumption 
to 37 per cent of that observed with phage-infected cells. These workers used 
a glucose-salts medium in which the magnesium ion concentration is one-half 
that used in the experiments presented here. Barlow (12) has found that ghost- 


TABLE I 
Effect of Ghosts on Viability of E. coli B 





- | Per cent lysed (de- 
Cells/ml. Per cent killed*® | © in turbidity) 





Untreated Ghosts/cell Ghosts/cell | Ghosts/cell 


control 





4 8 





4.2 
1.3 
1.2 X 10° | 1.4 





4.2X - 





* Unable to form colonies. 


induced lysis of E. coli is enhanced if the magnesium ion concentration of the 
medium is reduced. No measurements of lysis were given in the experiments 
reported by the Canadian workers. Hence, it is conceivable that the marked 
decrease in oxygen consumption which they observed may have been the 
result of lysis of a fraction of the ghost-infected cells. 

Respiratory Quotient.—It was next thought of interest to determine whether 
carbon dioxide evolution by the ghost-infected organisms also proceeds nor- 
mally. If it does, this would imply that the major oxidative pathways of the 
cell are not disturbed as a result of the infective process. As before, the cells 
were grown and infected in the glucose-salts medium. Measurements of oxygen 
consumption and CO: output were made for a 1 hour period. The results of 
this experiment, presented in Table III, show that infection of E. coli B with 
ghosts does not significantly alter the respiratory quotient normally observed 
when these cells oxidize glucose. 

Assimilation of Inorganic Phosphate.—The following experimental procedure 
was used to determine the relative uptake of inorganic phosphate by normal, 
phage-, and ghost-infected bacteria. 
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E. coli B cells were grown to a concentration of 5 X 10* per ml. in the glucose-salts 
medium, washed twice in cold 0.9 per cent saline, and resuspended to a concentration 
of 2.5 X 10° per ml. in synthetic medium containing 50 yg. of inorganic phosphate 
(P,) per ml. The suspension was then divided into three equal portions. To one was 
added an average of 5 ghosts per cell, to the second an average of 5 phage per cell, 
and the third remained uninfected. Initial samples were taken from each and chilled. 





12 Q, Consumption - E. Coli B 
in Glucose-Synthetic Medium 











© 20 30 40 S50 60 70 80 930 
Time (Minutes) 


Fic. 1. Oxygen consumption of normal, phage-, and ghost-infected E. coli. 


The cultures were shaken at 37°C. for a 1 hour period. At the end of this time aliquots 
were again removed from the flasks and chilled. Viable cell counts and turbidity 
measurements were made as before. The samples were centrifuged at 3,000 x g for 
15 minutes. Trichloroacetic acid (TCA) was added to the supernatant solutions to a 
final concentration of 2.5 per cent, and they were allowed to stand for 1 hour at 0°C. 
The precipitates which formed were centrifuged at 3,000 x g for 15 minutes and the 
inorganic phosphate level of the supernatant fluids was determined. The uptake of 
P; was taken to be the loss of P; from solution as determined on the supernatant fluids. 


The mean uptake per cell calculated for a series of seven experiments is presented in 
Table IV. 
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These experiments show that just as in the case of oxygen consumption, 
the rate of inorganic phosphate assimilation by normal, phage-, and ghost- 
infected cells is approximately the same when examined on a per cell basis. 
The somewhat lower value obtained in the case of the ghost-infected organ- 
isms is probably not significant. 


TABLE II 
Oxygen Consumption by Normal, Phage-, and Ghost-Infected E. coli B 





System - O: consumed per cell per 30 min. X 10°* 


I oso siinsis ones enn ones enue Rees 
3 phage per cell 
4 ghosts per cell 
8 ghosts perfcell 








* Calculated by means of the following relationship: 
, Total um O2 consumed 
11/30 min. = 
uM O-/cell/30 min Wxa-D 
(N — N o) 





in which VN = No + = ; for infected bacteria N = N,. 


No = Number of cells at beginning of measurements. 
N; = number of cells at end of measurements. 
L = fraction of cells lysed. 
It was assumed that the drop in turbidity observed in the case of ghost-infected organisms 
represented lysis of the cells (5) and lysed cells are incapable of respiring. Experiments per- 
formed in connection with other work lend substantial support to this assumption (22). 


TABLE III 
Respiratory Quotient of Normal, Phage-, and Ghost-Infected E. coli 





um O: consumed | um CO: evolved 
per cell per 30 per cell per 30 
min. X 10° | min. X 10° 





Uninfected 
3 phage per cell 
5 ghosts per cell 





Assimilation of Ammonia.—The experimental procedures for the measurement of 
ammonia assismilation were similar to those used to determine uptake of inorganic 
phosphate. In these experiments, the cells were grown to a concentration of 5 x 108 
in glucose-salts medium, then resuspended to a concentration of 2.5 X 10°* per ml. in 
synthetic medium containing 130 wg. N (as NH,Cl) per ml. The multiplicities of infec- 
tion were 5 phage and 5 ghosts per cell and the uptake of ammonia, as measured by its 
disappearance from the medium, was determined after a 1 hour period. As before, 
the uptake per cell, per hour was calculated. The mean values obtained from a series 
of three experiments are given in Table V. 
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These data indicate that there is some inhibition (approximately 20 per 
cent) in the rate of ammonia nitrogen assimilation by ghost-infected E. coli 
B as compared with that of normal cells. 

Distribution of Phosphorus Taken Up by Ghost-Infected Cells.—In considering 
the fate of the phosphorus taken up by the ghost-infected cell several alierna- 
tives are apparent. (1) P; is taken up by the cell, is not further metabolized, 
and accumulates intracellularly as such. (2) The P; taken up is transformed 
into organic phosphorus compounds which accumulate in the TCA-soluble 
fraction of the cell. (3) The assimilated P; is converted into organic phosphate 


TABLE IV 
Assimilation of Inorganic Phosphate by Normal, Phage-, and Ghost-Infected E. colt 





System ug P; taken up per cell per hr. X 10° 





| 
oe ee 
| 


Uninfected. . 
Phage-infected...... 
Ghost-infected. . 








TABLE V 
Assimilation of Ammonia N by Normal, Phage-, and Ghost-Infected E. coli B 








System ug. N consumed per cell per hr. X 10° 








Uninfected. . 
Phage-infected. 
Ghost-infected 








compounds which are not retained within the cell but are discharged back into 
the medium in this form. (4) There is a rapid synthesis and breakdown of 
nucleic acid with no net synthesis. The breakdown products (TCA-soluble) 
are either retained by the cell or released into the medium. 

Preliminary experiments indicated that following ghost infection TCA- 
soluble, organic phosphorus compounds appeared in the growth medium of 
the cells. Very little such phosphorus was found in the medium of uninfected 
bacteria. In order to determine the origin of this phosphorus and examine 
the phenomenon quantitatively, a series of phosphorus balance studies were 
undertaken. These revealed that the organically bound phosphorus had its 
origin in the inorganic phosphate of the medium. Leakage of 260 my absorbing 
materials and phosphorus compounds from infected bacteria has been reported 
by Price (24), Prater (13), and by Puck and Lee (14). 


Phosphorus Balance Study.—E. coli B were prepared as described previously and 
resuspended at a concentration of 2.5 X 10° per ml. in synthetic medium in which the 
phosphate concentration was reduced to 30 ug. per ml. This suspension was infected 
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with an average of 6 ghosts per cell? and allowed to shake at 37°C. Samples (50 ml.) 
were removed at 0, 5, 15, and 35 minutes after infection and chilled. Turbidity was 
measured at these times. Viable cell counts were made at 0, 5, and 30 minutes after 
infection. The samples were then processed according to the scheme shown in Fig. 2. 


The results of a typical balance study, which appear in Table VI, make 
the following points clear. (1) Inorganic phosphate does not pile up within 
the infected cells as such. (2) There is no accumulation of TCA-soluble, or- 
ganically bound phosphorus within the cell. (3) Within 5 minutes after 
infection there is a loss from the cell of about 75 per cent of the TCA-soluble, 


Cell suspension 
Centrifuged 3000 X ¢ 
15 min.—0°C. 
r ' : 1 
Supernate Residue (cells) 
Brought to 2.5 per cent TCA Extracted twice with 5 per cent 
0°C.—1 hr. TCA—0°C. 
pimnites 3000 X g, 15 min. Centrifuged 5 X g—i5 min. 


q v7 a | 
Supernate Residue Supernatant Residue 
Determine P and Extracted with Acid-soluble fraction of Extracted with 
total P (total P — 5 per cent cells—determine P; 5 per cent TCA— 
P; = organic P) TCA—100°C. and total P (total P 100° C.—15 min. 
—15 ae — Py = organic P) 
= | 8 ‘| 
Supernatant Residue Supernatant 
Nucleic acid P— Dissolved in 0.2 n Nucleic acid P— 
determine total NaOH, non-nucleic determine total 
P acid P—deter- P 
mine total P 

















Fic. 2. Fractionation procedure for phosphorus balance study. 


organic phosphorus initially present. (4) There is, in addition to the phos- 
phorus released in the first 5 minutes, a rapid extracellular accumulation of 
small molecular organic phosphates. (5) There is no detectable loss of nucleic 
acid phosphorus from the system, although a small but significant TCA- 
insoluble phosphorus fraction does accumulate in the medium. This could 
stem from a few lysed cells or represent the release noted in phage-infected 
cells (24, 12, 13). (6) Between 15 and 30 minutes after infection there is a 
net increase in nucleic acid phosphorus in the system. 

One may suggest, therefore, that the TCA-soluble, organic phosphorus 
appearing in the medium has its origin in any or all of three sources: (1) the 
P; taken up by the cell from the medium, (2) the TCA-soluble, organic phos- 
phorus of the cell, (3) the nucleic acid of the cell. The last named possibility 

? A rather high multiplicity of ghost infection was used since the efficiency of ghost 


inactivation of EZ. coli in the low phosphate medium seemed to be somewhat lower 
than in the conventional M-9 medium. 
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appears unlikely unless there is a very rapid turnover of the nucleic acid, 
since the total acid-soluble organic phosphorus in the medium at 35 minutes 
after infection represents about 30 per cent of the total nucleic acid phos- 
phorus initially present. The precision of the phosphorus determination is 
+ 5 per cent and one would have expected a 30 per cent decrease in the nucleic 
acid phosphorus to be detected readily. Hence tentatively, this localizes the 


TABLE VI 
Phosphorus Balance—Ghost-Infected E. coli B 





TCA-insoluble fractions* 





Turbidityt 


I 


II 





Nucleic acid P 
in cells 


| 
| 
| 


Nucleic acid P 
in medium 


Total I and II§ 


Non-nucleic 
aci 











970 
944 
930 
970 


0 
22 
36 
68 











TCA-soluble fractions 








P; 


Organic P 





0 
5 
15 
35 





92 
60 
60 
65 





100 
24 
39 
52 





0 
120 
190 
260 





* All values—micrograms per 1.25 X 10" cells. 

¢ 72 per cent of the ghost-infected cells were not able to form colonies; i.e., were “killed.” 

§ The increase in nucleic acid P for the uninfected bacteria for the 0 to 15 minute interval 
was 159 yg. 


origin of this organic phosphorus as the TCA-soluble pool of the cell and/or 
the inorganic phosphate of the medium. Both are probably sources since 
neither alone is sufficient in quantity to account for the total. 

A rigorous examination of the origin of the extracellular organic phosphorus 
called for the use of radioactive tracers. Two types of experiments were per- 
formed. The first involved the use of unlabelled cells infected in a growth 
medium labelled with P®. The second consisted of ghost infection of P®- 
labelled cells in an unlabelled medium. 


P®.Labeled Medium.—E. coli B cells were prepared as in the previous experiment 
and suspended in synthetic medium containing 50 yg. of inorganic phosphorus per ml. 
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Inorganic P® (P,**) was added to a specific activity of approximately 1000 counts 
per minute (c.P.M.) per ug. of phosphorus. The suspension was immediately infected 
with an average of 6 ghosts per cell and allowed to shake at 37°C. Samples were 
withdrawn from the reaction flask at 0, 5, 15, and 30 minute intervals after infection 
and chilled. 

Viable cell and turbidity measurements were made as usual. A control experiment 
in which the cells were not infected was performed in exactly the same way. The 
samples were processed as shown in Fig. 2. The inorganic phosphorus of the TCA- 
soluble fractions was removed by the addition of Mg** and NH,OH. This was then 
followed by the measurement of the P;, total P, and radioactivity. 

P®.Labeled Cells—Synthetic medium containing 50 ug. P; per ml. was labelled with 
P™ to a specific activity of 500 c.P.m. per microgram of P;. The medium was then 
inoculated with a washed culture of E. coli B to give a final concentration of about 2.5 
xX 10’ cells per ml. This culture was grown to 5 X 10® per ml. The cells were harvested, 
washed many times with cold 0.9 per cent saline until the radioactivity of the washing 
was negligible, and then resuspended to a concentration of 2.5 xX 10° cells per ml. in 
unlabelled synthetic medium containing 50 ug. of P; per ml. The bacteria were then 
infected with a multiplicity of 6 ghosts per cell and the remainder of the experiment 
was carried out exactly as in the previous experiment. 


The results of the tracer experiments appear in Table VII. They may be 
summarized as follows: In the experiment in which the medium was labelled, 
the appearance of extracellular TCA-soluble organic phosphorus (as measured 
by phosphorus analysis) was accompanied by a rapid increase in the level of 
radioactivity in this fraction. In the converse experiment (labelled bacteria) 
there was an immediate release of both organic phosphorus and radioactivity 
which corresponded to the loss of acid-soluble organic phosphorus from the 
cells. However, in this case, the label of extracellular P® remained relatively 
constant while the concentration of organically bound phosphorus rose 
steadily.* These changes observed in the ghost-infected system are in sharp 
contrast to those in the uninfected cells from which only a small amount of 
organic phosphorus and radioactivity is released into the medium. Here the 
greater part of the inorganic phosphorus assimilated by the cell appears in 
the RNA. 

These experiments indicate that a large proportion of the TCA-soluble 
organic phosphorus found in the medium has its origin in the inorganic phos- 
phorus assimilated by the cell after infection with ghosts. Most of the 
remainder, particularly that appearing within the first 5 minutes following 
infection, is derived from the acid-soluble pool of the cell. 

The possibility exists that these results might have been due to extracellular 
exchange between the inorganic phosphorus of the medium and any released, 


* The small increase in radioactivity in the TCA-soluble organic phosphorus of the 
medium during the 15 to 30 minute interval following infection may have been the 


result of lysis of some of the cells with subsequent hydrolysis of the labelled nucleic 
acid. 
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organically bound phosphorus. This alternative was at least partially elim- 
inated by the finding (Table VII) that there is a rapid intracellular accumula- 
tion of radioactivity in the acid-soluble phosphorus of the infected cell. 
However, evidence of a more direct nature was obtained from an experiment 
in which an attempt was made to detect an exchange-catalyzing enzyme in 
the medium following ghost infection. If such an enzyme or enzyme complex 


TABLE VII 
Radioactive Tracer Studies of Ghost-Infected E. coli B 





Ghost-infected* Uninfected 





pg. TCA- 
Hg. organic|c.p.m.perml.| c.p.m. per | soluble | c.p.m. per og. “nL Or 
per ml.| Organic . Organic | organic P mg; Organic per a P 
of medium|P of medium|P of medium) per ml. of of cells | of medium 3 
cells or m um 





Experiment I. P**-labeled medium - 





0 4 

376§ 4 | 243 

487 5 | 454 
| 








510 454 








Experiment IT. P**-labeled cel 


| 





0 0 0 





15 : 555 
30 : 649 


191 
170 


| 














Es 

5 . 509 | 2684 | 
| | 
| | 





* 77 per cent of the ghost-infected cells were killed. 

¢ Corrected for unprecipitated radioactivity—70 c.p.m. (spread in 3 experiments 74 to 
110 c.P.M. per ml.). 

§ Specific activity of phosphorus in medium—976 c.P.M. per yg. P. 

|| Specific activity of phosphorus in medium—1040 c.p.m. per ug. P. 

4 Specific activity of phosphorus of cells—454 c.p.m. per yg. P. 


were present, the addition of P* to the medium removal of the ghost-infected 
cells might be expected to result in the incorporation of the radioactive label 
into the organic phosphorus which is present. The following experimental 
procedure was used. 


E. coli B cells were prepared in the usual manner and infected with an average of 6 
ghosts per cell. At 15 minutes after infection the suspension was chilled and the cells 
removed by centrifugation. Inorganic P® was then added to the supernatant solution 
to give a final specific activity of 1000 c.p.m. per mg. P;. An initial sample was im- 
mediately withdrawn. The solution was then brought to 37°C. and shaken for 15 
minutes after which a second aliquot was withdrawn and chilled. These samples 
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were treated first with TCA, then with Mg*t* and NH,OH, and the TCA-soluble 
organic phosphorus fractions were analyzed for P;, total phosphorus, and radio- 
activity. 

The results of this experiment, which appear in Table VIII, show that there 
was no detectable exchange of P® between the inorganic and organic phos- 
phorus fractions of the medium following ghost infection. 

Balance Study of 260 mp Absorbancy.—Preliminary experiments had indi- 
cated that just as in the case of organic phosphorus there was a rapid accumu- 
lation in the medium, following ghost infection, of acid-soluble compounds 
exhibiting an absorption maximum around 260 mu. It was of interest to deter- 
mine whether the extracellular appearance of these materials followed the 


TABLE VIII 


Attempted Measurement of P*®? Exchange 


] 
Cell-free system } Complete system 








ug. organic P per c.P.M. per ml. 
ml. of medium Organic P of medium 





min. 


0 ; | | 74 
15 1452 








ame kinetic pattern as the phospho-compounds. If it did, this might suggest 
an association, hence an aid in their identification. A balance study similar 
to that described for the phosphorus was performed. In this case the cells 
which had been grown to 5 X 10° per ml. were resuspended to a final 
concentration of 2.5 X 10° per ml. in the M-9 glucose-synthetic medium and 
infected with a multiplicity of 4 ghosts per cell. The samples were ‘processed 
as shown in Fig. 2. The optical density of 260 my of the fractions .was then 
determined. From the data shown in Table IX it can be seen that the results 
of this experiment qualitatively parallel those obtained in the phosphorus 
balance studies.* They are similar in the following respects: (1) There is an 
accumulation of TCA-soluble, 260 mp absorbancy in the medium; (2) imme- 
diately after infection there is a rapid loss of 260 my absorbancy from the 
acid-soluble pool of the cell; (3) there is no detectable loss of 260 my absorbancy 
from the nucleic acid of the system. 


‘ Similar studies have indicated that pentose, as measured by the orcinol procedure 
(23), follows a pattern similar to that of both the phosphorus and 260 my absorbancy. 
Ghost infection of £. coli B results in a rapid loss of TCA-soluble pentose from the 
cell, which is complete within 5 minutes after adsorption of the ghosts. This is accom- 
panied by the simultaneous appearance of pentose in the growth medium. be ery little 
pentose appears in the medium of uninfected cells. 
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If the amounts of organic phosphorus and 260 my absorbancy appearing 
in the medium in the first 15 minute interval® following ghost infection (cor- 
rected for the contribution from the acid-soluble pool of the cell) are compared 
with the incorporation in the uninfected (normal) system, a value of 70 per 
cent of normal is obtained for the phosphorus and 25 per cent for the 260 
my absorbancy. It appears, therefore, that the synthesis of organic phos- 
phates in the ghost-infected cell approaches that observed in the normal or 
uninfected system. The increase in 260 mu absorbancy, however, appears to 
be inhibited markedly as a result of ghost infection. This supports the earlier 


TABLE IX 
Balance Study of 260 my Absorbancy in Ghost-Infected E. coli B 





TCA-insoluble fractions TCA-soluble fractions 





Time after 


infection Turbidity of 


cell suspension | in cells 
| 


I II 
Nucleic acid* | Nucleic acid Cells 


in medium 





5.22 0.02 
4.87 0.36 
4.87 1.00 








| | 
=| 5.28 0.00 
§ 
15 47 
35 70 | | 











* All values—E = “44 per ml. (2.5 X 10° cells per ml.). 
t The net increase in 260 my aborbancy in the uninfected bacteria was 1.2 per ml. of cells 
in the 0 to 15 minute interval. 


§ 70 per cent of the ghost-infected cells were killed. 


observation (4) that the synthesis of 260 my absorbing materials in glucose- 
grown cells is sharply reduced by ghosts. 

Exploratory paper chromatograms and ultraviolet absorption spectra of 
these esterified phosphates in the medium revealed the presence of adenylate, 
cytodylate, and non-absorbing pentose phosphate but no guanylate or uridy]- 
ate. 

Materials 

Bacteria.—The organism used throughout this work was Escherichia coli B. It was 
indistinguishable from that supplied by the American Type Culture Collection. The 
stocks were maintained on nutrient agar slants and transfers from the stock organisms 


were made weekly. The standard procedure for preparations of liquid cultures was as 
follows: A loopful (0.005 ml.) of bacteria taken from a slant was added to a sterile 


5 The first 15 minute interval after infection was chosen for evaluation since there 
was no detectable net increase in nucleic acid in the infected cells during this time. 
The major changes are therefore reflected in the acid-soluble fractions (see Tables 
VI and IX). 
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culture tube (22 X 175 mm.) containing 10 ml. of the medium to be used. This was 
mixed thoroughly and 0.2 ml. was added to 10 ml. of medium in a second tube. The 
cultures were shaken for about 15 hours at 37°C. and usually grew to approximately 
3 X 10° cells per ml. The second tube was then used for inoculation. The standard 
inoculum was 2 ml. per 100 ml. of fresh medium. Such a culture usually reached a 
concentration of 5 X 10* cells within 3 hours when shaken at 37°C. 

Virus.—The virus used was the Tzr* (wild type). It was prepared as routine in this 
laboratory by a method described elsewhere (15). 

Ghosts —T2 phage was concentrated to approximately 2 xX 10" plaque-forming 
units per ml. and subjected to the osmotic shock method (5). The ghost suspension 
containing about 1 per cent of the original infectivity was then purified as follows:— 

The preparation was treated with 1 yg. per ml. of once crystallized desoxyribo- 
nuclease (Worthington Biochemical Corporation) in the presence of magnesium ion 
and allowed to stand at 4°C. until the viscosity was about that of water. This solution 
was then centrifuged at 11,000 x g for 1 hour and the supernatant fluid was carefully 
drawn off. The residue was discarded. By this process between 50 and 75 per cent of 
the ghosts were lost; however, the active virus concentration dropped to less than 0.01 
per cent of the ghost lytic titer. 

Media.—The glucose-salts synthetic medium is the modified M-9 medium described 
elsewhere (15). In the experiments in which ammonia assimilation was studied the M-9 
medium was used with the exception that the concentration of NH,Cl was reduced to 
approximately one-half that normally present. 

The low phosphate synthetic medium was made up as follows: Five sterile stock 
solutions were prepared. 

Solution I—2 per cent (w/v) MgSO, 

5 per cent (w/v) NaCl 
10 per cent (w/v) NH,Cl 

2 m maleic buffer, pH 6.8 

2.2 mM KCl 

0.15 m orthophosphate 

40 per cent glucose 

To 940 ml. of sterile water were added 10 ml. of solution I, 30 ml. of maleic buffer, 
10 ml. of KCl, and 10 ml. of the sterile 40 per cent glucose solution. The phosphate 
was added to whatever concentration was desired. No major differences could be 
detected in the response of the bacteria to ghost infection in the three type? of syn- 
thetic media employed. 

Phosphorus*.—The radioactive phosphorus used in these experiments was ob- 
tained from the Oak Ridge National Laboratory. The solutions were heated as routine 
in 1 N HCl for 15 minutes at 100°C. to convert any pyrophosphate to orthophosphate, 
then neutralized. 


Methods 


Bacterial Counts —The size of the total cell population (viable plus non-viable) in a 
liquid culture was estimated by measuring the optical density (turbidity) of the culture 
in a Coleman Jr. spectrophotometer set at 650 my. This value was compared with a 
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calibration curve relating optical density to the actual number of cells as determined 
by microscopic count (15). 

The viable cell population was determined by the conventional plate count method. 
The precision of this technique was found to be +15 per cent. 

Infectious Phage Titer—This was measured by the plaque count method (16). 
The dilution multiplied by the number of plaques represents the virus titer. 

Ghost Titer —This was estimated by the lytic method (15). 

Res piration.—Measurements of oxygen consumption and CO, evolution were made 
at 37°C. using the conventional Warburg apparatus. 

Total and Inorganic Phosphorus ——This is the method King (17). The technique 
was standardized with a National Bureau of Standards sample of KH:PO,. The 
precision of the determination was +3 per cent. 

Ammonia Nitrogen The ammonia was released from solution by the addition of 
alkali and aerated into dilute (0.04 n) H,SO,. It was then determined with Nessler’s 
reagent. The precision of the method was +5 per cent. 

Radioactivity Measurements —Measurements of radioactivity were made by means 
of a Geiger-Miiller end-window counter. The precision of the counting technique was 
found to be +5 per cent. The geometry of the system was such at 1 millicurie gave 
5 X 10° c.p.m., which represents an efficiency of 23 per cent. Serial dilutions of a 
standard sample revealed a linear relationship between P® concentration and counts. 
In all cases a total of at least 1000 counts was recorded for each sample. 

Separation of Inorganic and Organic Phosphorus.—The procedure for separating 
inorganic P from organically bound phosphorus was similar to that used by Mitchell 
and Moyle (18). To 8 ml. of the TCA-soluble supernatant solution were added 0.16 ml. 
of 5 per cent MgCl.-5 H:O and 0.21 ml. of concentrated (15 nN) NH,OH. The inorganic 
phosphate was allowed to precipitate as the magnesium ammonium phosphate 
complex during about 15 hours at 4°C.* The suspension was then filtered through 
a sintered glass funnel and the precipitate was washed twice with 2 ml. portions of 
15 Nn NH,OH. The supernatant solution and washings were combined and brought to 
a total volume of 15 ml. with distilled water. This represented the TCA-soluble organic 
phosphorus fraction. Control experiments showed that contamination of the organic 
phosphorus fraction with inorganic phosphate was less than 0.2 per cent. 

Measurements of ultraviolet absorption were made in the Beckman model DU 
spectrophotometer using 1 cm. silica cells and standardized as noted elsewhere (5). 


DISCUSSION 


The data presented in these experiments suggest that the inhibitory action 
of the ghost is specific rather than general. Thus, in a system in which 70 to 
90 per cent of the cells are unable to form colonies (but not lysed) the proc- 
esses of oxygen and phosphorus assimilation proceed as closely as could be 
determined at a rate characteristic of normal cells. The uptake of ammonia 
nitrogen appears to be somewhat reduced. 

One of the problems raised by those observations is the metabolic fate 


6 In those cases in which the P; concentration was rather low, as in the TCA-soluble 
fraction of the cells, carrier P; was added to facilitate precipitation. 
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of the assimilated phosphorus. Since ribonucleic acid, which is the major 
phosphorus-containing fraction of the cell, is markedly inhibited, this phos- 
phorus may then accumulate in some other form—perhaps precursors of 
RNA. In the phage-infected cell the total assimilated phosphorus is diverted 
into DNA synthesis, but there appears to be no such shift in ghost-infected 
cells. The experiments reported in the present paper have shown that much 
of the inorganic phosphorus taken up by the ghost-infected bacterium is 
bound in an organic linkage within the cell, then promptly discharged back 
into the medium. This suggests that organic phosphorus compounds can be 
synthesized in the cell but do not reach an acid-insoluble stage. Moreover, 
the bacterial membrane appears to have become so modified that these 
phospho-compounds, as well as most of the ones present in the cell prior to 
infection, are no longer retained within the cell proper. The extracellular 
appearance of acid-soluble, 260 my absorbancy qualitatively follows the 
pattern observed for the organic phosphorus. A quantitative evaluation of 
the data reveals that while the amount of inorganic phosphorus bound in 
organic linkages by the ghost-infected cell is relatively normal, the net increase 
in 260 my absorbing compounds is markedly reduced. This would indicate a 
major aberration in the synthesis of all or some of the nucleic acid bases. 

The phenomenon of permeability change with the consequent loss of es- 
sential substrates and cofactors from the internal environment of the cell has 
been invoked by a number of investigators to explain the bactericidal effect 
of such detergents and detergent-like antibiotics as cetyl trimethyl ammo- 
nium bromide (19), tyrocidin (20), and polymixin (21). It should be pointed 
out that these authors used resting cell suspensions in their experiments. 
Hence, it could not be determined whether synthesis of nucleic acid was also 
blocked as a result of treatment with those agents. The permeability change 
resulting from ghost infection is probably not the primary cause of the 
inhibition of nucleic acid formation and the consequent death of the bacterium. 
In this case, the inhibition seems to be mainly at the level of purine 
and pyrimidine synthesis. 

The finding that the net increase in 260 my absorbancy is greatly reduced 
while the synthesis of organic phosphorus is normal, would indicate that 
some of this phosphorus must be present in compounds which do not absorb 
in the ultraviolet. The exact nature of these compounds as well as the one 
showing absorbancy at 260 my must be determined if the metabolic block 
in RNA synthesis is to be understood. 
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ABSTRACT 


Effective excitation, preceding the mechanical response in frog twitch muscles, 
involves two distinct events: depolarization of the excitable membrane and the 
flow of internal currents. To distinguish between the effects of these two potential 
factors in activation of the contractile machinery, experiments ought to be con- 
ducted in which one or the other is excluded. Our experiments are designed to dis- 
tinguish between these effects by indirect methods. 

Depolarization in a longitudinal electric field can be expected to be greatest at 
the ends where current leaves the muscle fibers (space constant at [K] = 16 mm/ 
liter is >1 mm.), whereas the internal longitudinal current is known to be greatest 
in the middle portion. Depolarization, therefore, should affect the ends more strongly 
and internal current the middle portion. 

Our experiments show that non-propagating frog twitch muscles shorten, during 
isotonic work, along their whole length and not only at their ends, when effectively 
stimulated in a longitudinal a.c. field. At a field strength about twice the new 
threshold value (at [K], = 16 mm) shortening is distinctly greater in the middle 
portion of the muscle than at the ends. The muscles, although temporarily non- 
propagating, remain intact throughout the experiment, as demonstrated by complete 
recovery after repolarization. 

These findings may be taken as an indication that internal currents are more di- 
rectly linked to activation than is depolarization, but the latter is an essential priming 
step, which must precede or coincide with effective current flow. 


When the potential difference of 60 to 100 mv. across the resting muscle mem- 
brane is quickly reduced to a “critical” value (52 mv., winter frog, Jenerick and 
Gerard, 1953), the potential falls to zero and becomes actually reversed (see 
for references, Hodgkin, 1951). This brief (= 0.6 msec.) reversal of the mem- 
brane potential, i.e. the action potential, propagates itself with high velocity 
(2 m./sec., 20°C., Sten-Knudsen 1954) by a mechanism similar to the conduc- 
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tion of a nerve impulse. ‘‘Activation” of the contractile system, in intact normal 
muscle, follows this self-propagated activity of the fiber membrane. 

The exceedingly short time lag between the initiation of the action potential 
and “active state” (> 3 msec.) in frog twitch muscles, and also the short time 
requirement for full activity (= 30 msec.), raise the question of how the con- 
tractile system is influenced, from a distance of = 50 yw, by an action potential 
generated at the fiber membrane (Hill, 1949 a, b, 1950, 1951; Katz, 1950; 
Sandow, 1952; Huxley, 1956). 

Hill (1950) stated that “no known link exists at present between the events 
of excitation and those of contraction. It is impossible . . . to suppose that the 
active state is propagated inwards from the surface by some actual substance 
diffusing in. A self-propagating process of some kind, started at the surface 
must be looked for.” 

When the action potential propagates along the fiber, not only is the poten- 
tial difference across the membrane eliminated (depolarization), but also a 
longitudinal field is generated inside the fiber, carrying considerable current. It 
is significant that the time integral of this field is uniform over the whole cross- 
section area of the fiber (Bay, Goodall, and Szent-Gyérgyi, 1953). Extensive 
studies with simplified muscles (glycerinated psoas) and extracted muscle 
proteins lead to the conclusion that a process which upsets the ionic balance, 
i.e. the distribution of charges on the contractile proteins, brings about contrac- 
tion (Szent-Gyérgyi, 1953; Weber and Portzehl, 1954). The suggestion was 
also advanced, considering the periodic distribution of divalent cations (Draper 
and Hodge, 1949) and their drastic effects on the contractile system, that Ca 
and Mg may play a special role in activation (Sandow, 1952; Weber and Port- 
zehl, 1954; Morales and Botts, 1956). Bay, Goodall, and Szent-Gyérgyi pro- 
posed (1953) that the longitudinal (“window”) field activates the contractile 
system by charge displacement. 

The time limitations justly emphasized by Hill (1950), based on elasticity 
and heat measurements in the frog sartorius muscle during mechanical latency, 
demand that any mechanism proposed for activation in this muscle must be- 
come effective within 3 msec. after stimulation and must complete its action 
within 30 msec. The maximum longitudinal potential gradient which occurs 
during a propagated spike (at 20°C) is 3v/cm. (Sten-Knudsen, 1954) which, if 
effective, can displace ions (for example Ca) by a distance of about 2 yu in 30 
msec. 

However attractive the conjecture that the longitudinal component of the 
action potential is more directly linked to activation than membrane depolar- 
ization, it completely lacks experimental support and the general view is that 
the longitudinal field is ineffective. According to Katz (1950) ‘‘the stimulus 
arises not from the current which circulates through the interior of the muscle 
fiber, but from the change of electric charge at the fibre surface.” He only in- 
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sists, however, that “the disturbance of the contractile matter must originate 
at the fibre surface,” and for the effectiveness of the internal currents he uses 
the phrase “doubtful,” without claiming that this possibility had been ruled 
out. A more firm attitude has been recently expressed by Huxley (1956). He 
states that “during the action potential, considerable currents flow along the 
interior of the fibre and it has been suggested that the fibrils are stimulated to 
contract by these currents flowing through them. This has been shown defi- 
nitely not to be the case (Sten-Knudsen, 1954) and it is fairly clear that the 
essential thing is the change in the potential difference across the membrane 
itself.” 

Clearly if Sten-Knudsen’s conclusions (1954) are correct concerning the in- 
effectiveness of the longitudinal external field, the participation of internal 
currents in the activation process is ruled out. We have repeated and extended 
his experiments and arrived at the conclusion that the externally applied a.c. 
longitudinal field is effective in eliciting muscle response in non-propagating 
frog twitch muscles (Csapo and Suzuki, 1957). Being able to study the mechan- 
ical response of non-propagating frog muscles to electrical stimulation, for 
periods of 1 hour without loss of tension, we devised experiments to show that 
the effect of the external longitudinal field is associated with internal longi- 
tudinal current and not with electrotonic membrane potential change, or change 
in the longitudinal resistance of the fiber due to irregularities. 

It should be pointed out that the conclusion of Huxley and Taylor (1955), 
that “the influence of membrane depolarization is conveyed to the interior of 
the fibre by spread along the ‘Z’ bands,” is by no means in contradiction to the 
notion that internal currents effectively participate in the activation process, 
since depolarization is always accompanied by internal current flow. These 
experiments (Huxley, 1956) could be interpreted as demonstrating that the 
excitable membrane is inhomogeneous and its various portions within one 
sarcomere, in different muscles, respond differently to depolarizing current. 
The questions remain open: what is spreading along cross-structures, how the 
contractile system is activated between two Z bands 2.5 uw apart, and how 
muscles not having such cross-structures are activated? 

It must be remembered that during normal excitation not only longitudinal 
currents flow, but also the membrane is completely depolarized, in fact the 
membrane polarity is reversed. Experiments designed to show the effect of the 
longitudinal field must imitate this condition as closely as possible. In most 
muscles and specifically in the frog twitch muscle, however, it is impossible to 
study the effect of the longitudinal field on a completely depolarized muscle 
because at a steady membrane potential of about 35 mv. the muscle completely 
fails to respond to electrical stimulation. To keep the mechanical response in 
frog muscle close to its normal value the membrane potential must be kept, 
therefore, around 40 mv., a value at which the effective external longitudinal 
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field requirement is still very high, probably because of considerable membrane 
resistance. Nevertheless, it is possible to obtain close to maximum response in 
a longitudinal a.c. field of sufficient intensity, provided that the membrane is 
depolarized to this value of about 40 mv. 

On the other hand the demonstration that activity in muscles coincides with 
depolarization, and furthermore, that contraction is localized to the depolarized 
region, do not rule out the participation of internal currents in the effect. For 
this it must be shown that internal currents were not generated when activation 
occurred, not even transiently. This is necessary because it is conceivable that 
once internal currents exerted their respective effects in the series of events 
leading to activation, their participation would be needed no longer. 

In this paper experiments are presented in support of the conclusion that 
activation in frog twitch muscles results from a combined effect of depolariza- 
tion and that of internal currents. That depolarization is an essential first step 
in the series of events leading to activation (Kuffler, 1946) is also indicated by 
our observation that the longitudinal field is only effective if the muscle is 
sufficiently depolarized. That the external longitudinal a.c. field is associated 
with internal longitudinal currents is indicated by the fact that shortening in 
the non-propagating (K depolarized) muscle is the greatest in the middle por- 
tion of the muscle, even when a stimulus, slightly exceeding the new threshold 
(in excess K), is used. This finding is in good agreement with the observations 
of Rushton (1930), Hodgkin and Rushton (1946), and Katz (1948), that the 
voltage gradient is the greatest in the middle portion of nerve and muscle. 


Methods 


The sartorius and the toe muscle (musculus extensor longus digiti IV) of the frog 
(Rana pipiens) were used during October and November, 1956. The muscles were 
prepared under a dissecting microscope at a magnification of 10 in normal Ringer 
(mm /liter: 111 NaCl, 11.9 NaHCOs, 1.8 CaCl, 1.3 KCl; and 100 mg. per cent dex- 
trose). The muscles were mounted horizontally in a square lucite chamber of 5 
cm. X 5 cm., in 40 ml. Ringer, the height of which was 1.8 cm. Platinum plate elec- 
trodes covered two opposite internal walls of the chamber. This arrangement is very 
similar to that used by Sten-Knudsen (1954), except that no metal besides the 
electrodes was immersed in the bath. 

The sartorius was mounted horizontally, one of the flat surfaces of the muscle 
looking upward. The pelvic end of the sartorius was held by a thin J-shaped glass 
hook with a slot about 1 mm. wide and 6 mm. long, the pelvic end being prevented 
from pulling through the slot by a small piece of its cartilaginous origin. The tibial 
end was tied to a thin and flat lucite lever of minimum friction, which transmitted 
the tension to a Grass strain gauge, No. FT10, the output of which was recorded on 
paper by a Grass ink writer, type IITD. For the toe muscle the same set-up was 
used, except that the tendons were tied at both ends and the Grass gauge was type 
FT02. When shortening was recorded photographically, during isotonic work, the 
sartorius was after-loaded with 5 gm., and the toe muscle with 0.5 to 0.8 gm. 
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The muscles were immersed in normal Ringer and oxygenated by 97 per cent 
O. + 3 per cent CO, (pH, 7.3). They were tested for maximum isometric tension in 
a 1 second tetanus (lv./cm., 60 c./s., A.c.). Sartorius muscles producing less than 70 
gm., and toe muscles producing less than 4 gm. tension were discarded. If tension at 
the peak of the tetanus was not steady the muscle was also discarded. After having 
been depolarized by high K in order to abolish propagation, the muscles were always 
repolarized in normal Ringer at the end of the experiment. Only those experiments 
are included here in which recovery (as indicated by maximum tension in a propa- 
gated response) was complete. 

After having been tested for maximum force the muscles were marked by small 
graphite particles or by thin black nylon threads. Generally seven marks were placed 
on the upper surface of the muscle, dividing the whole length into six, about equal, 
segments. The two tendinous ends of both sartorius and toe muscles were omitted 
from the experiment by placing the last marks at the two ends of the muscle where 
muscle tissue gives place to tendon. After the muscles were marked, they were tested 
again for maximum tension to make certain that no damage was done during the 
marking procedure. 

Shortening during isotonic work was recorded photographically. In some experi- 
ments only one picture was taken at the peak of isotonic work (about 200 msec. 
after the beginning of stimulation). In other experiments a motion picture camera 
was used which was capable of taking pictures repeatedly at time intervals of about 
20 msec. This technique was employed to increase the accuracy of the measurements. 


Arguments 


The experiments to be described were designed to establish whether the 
sartorius and toe muscle (musculus extensor longus digiti IV), rendered non- 
propagating by excess K, shorten during isotonic work along their whole length 
or only at their ends, when stimulated slightly above the new threshold (at 
[K], = 16 ma/liter) in a longitudinal a.c. field. If the muscle shortens along 
its whole length, is the shortening greatest at the ends or in the middle portion, 
or does the shortening vary in different segments along its length? If the field 
strength is increased in steps, will it be the relative shortening of individual 
segments which changes, or rather the extent of shortening of each segment? 

In addition, some experiments were carried out to reinvestigate the question 
whether depolarization alone, without the participation of internal currents, 
can fully activate frog muscles. 

The justification for carrying out these experiments came from an extensive 
study (partial report, Csapo and Suzuki, 1957) which provided evidence that 
non-propagating frog muscle can be effectively activated in an external longi- 
tudinal a.c. field of sufficient strength and optimum frequency. These results, 
however, could not be used as evidence that the effect of the external longitu- 
dinal field is associated with internal longitudinal currents. As pointed out to us 
by Mr. Andrew Huxley (personal communication) it is possible to argue that 
the effect of the external longitudinal field (4 to 20 v./cm.) is associated with 
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electrotonic membrane potential changes, which are known to be greatest at 
the ends where current leaves the fibers. It could also be argued that the exter- 
nal longitudinal field is effective through depolarization of the fiber membrane 
due to changes in the longitudinal resistance of the individual fibers along their 
length, or of the space between the fibers. 

It seemed possible for us to test experimentally the validity of these just 
arguments. If the external longitudinal a.c. field effect is associated with elec- 
trotonic membrane potential change, then shortening should be localized en- 
tirely or ought to be greater at the ends than at the middle portion, because of 
the small space constant. As the field strength is increased in steps, one can 
expect more and more shortening toward the middle portion due to a spread- 
ing of the electrotonic membrane potential change toward the middle of the 
muscle, but the ends ought to be always more affected. If, therefore, the order 
of the individual segments along the length of the muscle is plotted against 
their respective shortening, a family of concave curves should be obtained 
which would gradually straighten out as the field strength is increased due to 
an increasing spread of the electrotonic membrane potential change toward 
the middle of the muscle. 

If, on the other hand, depolarization arises from changes in the longitudinal 
resistance of individual fibers or from irregularities in the space between 
fibers, one should get a set of irregular curves or possibly straight lines in a 
similar plot. 

If, on the other hand, the effect of the external longitudinal a.c. field on 
non-propagating frog muscle is associated with internal longitudinal currents, 
one can expect maximum shortening in the middle portion of the muscle, 
diminishing toward the ends. This expectation is justified by the observations 
of Rushton (1930), Hodgkin and Rushton (1946) on nerve, and by the findings 
of Katz (1948) on muscle, demonstrating that “the voltage gradient along the 
inside of the fibers is the smallest at the ends and the greatest along the middle 
portion” (quoted from Sten-Knudsen, 1954). With a minimum effective stimu- 
lus which depolarizes the whole length of the muscle one may expect already 
more shortening in the middle portion than at the ends. Increasing the field 
strength should result in a family of convex curves in a plot as described before, 
moving upwards on the shortening axis as the field strength is increased, and 
more and more fibers are affected. 


RESULTS 


Fig. 1 illustrates an experiment on the toe muscle. The muscle is marked 
off into six segments by seven graphite particles. The non-propagating muscle 
(16 mm K/liter) is photographed at rest (A) and at the peak of isotonic work, 
induced by a longitudinal a.c. field (60c./s.) of 4 v./cm. (B), 8v./cm. (C), 
and 12v./cm. (D) respectively. One can see that shortening involves the whol¢ 
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Fic. 1. Shortening during isotonic work, at different portions along the length, 
in non-propagating frog toe muscle. The muscle is rendered non-propagating by excess 
K (16 ma/liter) in an otherwise normal Ringer. Marks are graphite particles. Muscle 
is photographed at rest (A), and at the peak of isotonic work (load = 0.8 gm.), 


i.e. 200 msec. after the application of a longitudinal a.c. field (60 c./s.) of 1 sec. dura- 


tion and of different strengths: 4 v./cm. (B), 8 v./cem. (C), and 12 v./em. (D) re- 
spectively. Note that shortening involves the whole length and not only the ends. 
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length and is greatest in the middle portion of the muscle. Similar results were 
obtained in over ten similar experiments on the toe and sartorius muscles. 

The sartorius and the toe muscles were rendered non-propagating by high 
K(16 m/liter) in an otherwise normal Ringer, and thus depolarized to about 
42 mv. (as measured by Jenerick and Gerard, 1953). Previous experiments 
(partial report, Csapo and Suzuki, 1957) demonstrated that under these condi- 
tions close to maximum tension can be obtained in a longitudinal a.c. field 
(20 v./cm. 60c./s.), repeatedly, in a steady state for a period of at least 60 
minutes. At [K], = 12 mm /liter the muscle no longer propagates. The higher 
{K]|, = 16 ma /liter is used here to lower the membrane potential significantly 
below the ‘“‘critical value” so as to be certain that the muscle is truly non- 
propagating, and furthermore because tension is greater at [K], = 16 than at 
12 mm /liter, probably because of better penetration of the stimulating current, 
provided by the lowered membrane resistance. We photographed the normal 
and non-propagating muscles at the peak of isotonic work, induced by a longi- 
tudinal a.c. field of different strength, and demonstrated that the middle por- 
tion shortens more than the ends. 

It could still be argued, however, that maximum relative shortening in the 
middle, as was observed to be the case, was actually due to asymmetry of the 
muscle. Indeed the sartorius has its greatest cross-sectional area at about the 
middle of the muscle, and clearly at the ends the muscle fibers are mixed with 
connective tissue elements. It is necessary, therefore, to correct for this asym- 
metry if one is to claim that maximum relative shortening in the middle is a 


genuine effect of the internal longitudinal field. The correction can be made by 
relating the shortening of each segment in the non-propagating condition to 
maximum shortening of the same segment in the normal propagating muscle, 
calling this latter 100 per cent. 


At the threshold (4 v./cm.) the ends of the sartorius are only slightly or not 
all contracted as contrasted to the middle portion. In the very slender toe 
muscle, 4 v./cm. is clearly well above the threshold strength, indicating that 
the relatively strong currents required in a non-propagating muscle are needed 
for adequate penetration of the current to the deeper layers of the muscle. 

Although we found these data convincing, we attempted further improve- 
ments of the techniques. Our measurements were based on a single picture 
taken some 200 msec. after stimulation. We felt that a series of pictures taken 
at about 20 msec intervals would increase confidence in our data, since for 
each contraction , «ase we would have some ten pictures rather than one, and 
thus a series of points would show the relative shortening of individual segments 
more accurately. 

The result of such an experiment, using a motion picture camera, is illus 
trated by Fig. 2. A longitudinal segment in the middle of the muscle was photo- 
graphed during isotonic work in the intact sartorius propagating (A) and non 
propagating (B). Pictures were taken at about 20 msec. intervals. 
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From experiments of the type illustrated by Fig. 2, Fig. 3 is plotted. The 
measurements were made at the peak of isotonic work, at about 200 msec. 
after the beginning of stimulation. Graph A illustrates the shortening of differ- 


B 


Fic. 2. Shortening during isotonic work, at different portions along the length, 
in the propagating and non-propagating frog sartorius muscle. The sartorius is 
marked off by black nylon threads. In a maximum tetanus (1 v./cm., 60 c./s., 1 
sec. duration) the propagating muscle (A) is photographed during isotonic work 
(load = 5 gm.) in 20 msec. intervals by a motion picture camera. The muscle is then 
rendered non-propagating by excess K (16 mM/liter) and the experiment is repeated, 
using a strong longitudinal a.c. field (8 v./cm.) for stimulation (B). Note that the 
non-propagating sartorius shortens along its whole length and not only at its ends, 
and that shortening is greater in the middle position than at the ends. 


ent segments in the intact sartorius, propagating (1 v./cm.) and non-propagat- 
ing (8 to 12 v./cm.), plotted against the order and relative length of the 
individual segments along the length of the muscle. Graph B illustrates shorten- 
ing in the non-propagating sartorius relative to maximum shortening of the 
propagating muscle. It can be seen that shortening is clearly greatest in the 
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middle of a non-propagating muscle after cross-section asymmetry along the 
length is corrected for. We hope to elaborate on this point further by recording 
shortening continuously with a constant speed movie camera, and by measur- 
ing depolarization along the length of the muscle in the a.c. field. Further 
experiments are also called for by our notion that in the K-depolarized muscle 
the middle portion begins to shorten first. 
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Fic. 3. The relative shortening of different portions in the non-propagating sar- 
torius along its length Fig. 3 is plotted from the data illustrated in Fig. 2. Shortening 
of different segments along the length of the muscle is plotted at (A). Maximum 
tetanus in the propagating muscle is induced by a field strength of 1 v./cm., whereas 
the non-propagating muscle is stimulated at a field strength of 8 v./cm. and 12 
v./em. respectively. Note that shortening in both the propagating and _ non- 
propagating muscle is greater at the middle portion than at the ends. 

Since in a maximum tetanus, in the propagating muscle, shortening is maximal 
in every segment, the asymmetry of the muscle can be corrected for by plotting 
Non-propagating 

Propagating 
ential shortening in the middle portion is a genuine effect. 


shortening x 100. Such a plot is shown, illustrating that prefer- 


A question of significance for the present discussion is the following: Can 
depolarization alone, without the participation of internal currents, fully 
activate frog twitch muscles? The view is often expressed that it can, yet we 
know of no experiment in which the participation of internal currents in the 
effect was clearly ruled out. Sten-Knudsen (1954) states that high frequency 
transverse field at [K], = 12 mw is effective in stimulating muscle without the 
intervention of any longitudinal potential gradient. We found (partial report, 
Csapo and Suzuki) that this effect of the high frequency transverse field can be 
obtained only close to the critical potential, and that the addition of 1 to 2 
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mm KCl, to the Ringer abolishes the effect without changing the contractile 
capacity of the muscle. The question may be raised, therefore, whether or not 
these muscles are not in some kind of “transient” state between propagating 
and non-propagating conditions. Furthermore, in a transverse field internal 
currents are generated, although the longitudinal component may be slight. 

We observed that intact sartorius or toe muscle, when suddenly immersed 
in high K Ringer solution (25 to 100 mm/liter) develops only fractional tension 
in contracture. Fractional tension may be explained by the slow diffusion of 
K to the extracellular space, relative to the rate of a secondary process follow- 
ing depolarization which results in the cessation of the mechanical response. 
Increasing the rate of K ‘penetration, by increasing the external K does not 
eliminate the disturbing effect of “inactivation,” because the rate of this process 
is also proportional to the external [K]. 

We reduced the diameter of intact sartorius and toe muscles by reducing 
the number of fibers and compared the tetanic tension with contracture tension 
in these muscle bundles. We found that the former is always greater than the 
latter, although the difference between the two was somewhat reduced with 
the reduction in muscle diameter. 

Hodgkin and Horowicz (personal communication) obtained about equal 
tension with the maximum tetanus during contracture in single fibers, de- 
polarized by excess K (up to 100 mm/liter). This indicates that depolarization 
by excess K can elicit maximum force, when diffusion is eliminated. This ex- 
periment also suggests that fractional tension in intact whole muscle is due to 
the relatively fast inactivation process following depolarization. This explana- 
tion, however, is not fully convincing. There are methods by which inactiva- 
tion can be delayed, i.e. contracture, elicited by excess K, prolonged, without 
comparable change in the kinetics of free diffusion of K to the extracellular 
space. These methods are (a) lowering the temperature, (6) increasing the 
[Ca].. Both of these procedures result in a substantial increase in contracture 
duration, without significant change in the magnitude of contracture. If, dur- 
ing contracture, of such long duration, a longitudinal a.c. field (of 4 to 12 
v./cm.) is applied repeatedly to the muscle it is possible to superimpose upon 
contracture a series of mechanical responses, similar in shape and magnitude 
to a normal tetanus. This is evidence that low temperature and high Ca did 
not alter significantly the capacity of the muscle to develop more tension than 
obtained in contracture and also that contracture tension is only a fraction of 
that which the muscle can develop. 

It is significant to point out that in the single fiber experiments of Hodgkin 
and Horowicz the participation of internal currents in eliciting contracture, 
has not been ruled out. Since the front of their high K solution moves along the 
length of the muscle with a velocity of about 69 cm./sec. effective internal 
currents must be generated. These currents, although of short duration, may 
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effectively participate in the activation process, since after they have ac- 
complished their task in the series of events their participation may not be 
needed in the subsequent steps. 


DISCUSSION 


The studies described in this paper lead to the conclusion that the external 
longitudinal field effectively activates non-propagating frog sratorius and toe 
muscles, provided that sufficient depolarization precedes the application of an 
effective stimulus. Experiments are presented which support the view that 
this effect of the external field is associated with internal longitudinal currents 
and not with electrotonic membrane potential change. This conclusion is in 
contradiction to those of others, previously expressed (see for references Sten- 
Knudsen, 1954). It is necessary, therefore, to review briefly the evidence which 
supports our interpretation, as well as that on which opposite conclusions 
were based. 

Our own interest in this problem was started off by the observation (Csapo, 
1954) that rabbit uterine strips, rendered non-propagating by high K (120 
mM/liter, replacing Na), developed maximum tension in a longitudinal a.c. 
field (12 v./cm., 60 c./s.) for a period of more than 60 minutes. The same field, 
applied transversely, gave less than 15 per cent tension (Csapo, unpublished 
data). Since the length of the individual cells in this muscle is not more than 
300 uw (with a 30:1 axial ratio, however) and the electrical properties of the 
cell membrane are not well established, our studies were continued on the 
electrophysiologically much better characterized frog sartorius and toe muscles. 
This experiment with the uterus, nevertheless appears to be of interest. The 
uterus is different from frog twitch muscles at least in one important respect. 
It can be drastically depolarized (120 mm K) without loss in mechanical re- 
sponse. This unique property allows one to compare the effect of the longitu- 
dinal and transverse fields in a muscle in which the a is close to 1. This 
cannot be done with frog twitch muscles, which soon cease to respond to elec- 
trical stimulation if the [K], exceeds 24 mm. ' 

In the next step of our experiments (partial report, Csapo and Suzuki) we used 
excess K, Na lack, and procaine for blocking propagation in frog muscle. We 
observed that tension developed in the blocked muscle was different depend- 
ing on the blocking agent used, being greatest in K and smallest in procaine 
block. In all three cases, tension increased, within limits, in the non-propagat- 
ing muscle with gradual depolarization, brought about by excess K; tension 
and membrane potential within limits were inversely related. This inverse 
relation could be exaggerated by increasing the [Ca] in the perfusion Ringer. 
In contrast to the rabbit myometrium, frog twitch muscles failed to respond 
altogether to electrical stimulation when the [K] of the normal Ringer (at 





ARPAD CSAPO AND TAIZO SUZUKI 1095 


[Ca], = 1.8 mm) exceeded 24 mm. Mechanical response returned, however, in 
this 24 mm K-Ringer if the [Ca] was increased. By a gradual increase in the 
[Ca], we could show that in high K (24 mm) tension is a function of the (Ca],. 
This effect of Ca could not be explained by its known effect on the membrane 
potential (Jenerick and Gerard, 1953). 

This finding is in agreement with the recent observation of Niedergerke 
(1956), that heart strips depolarized by excess K do not develop tension if the 
Ringer contains no Ca. When Ca is added to such a depolarized muscle, ten- 
sion develops without further change in membrane potential. 

These experiments in all strongly suggest that Ca ion is more directly linked 
to activation than is depolarization. 

The question is: how could we find the longitudinal field effective when 
others found it ineffective? Sten-Knudsen (1954) states that “when a parallel 
fibered muscle is placed in a longitudinal field, and provided propagation is 
blocked, contraction is localized at the cathodic end. In this region . . . current 
leaves the fibers and establishes a potential difference (a depolarization) across 
the surface membrane. The experiments... agree with the view that surface 
depolarization is an indispensable agent (Kuffler, 1946; Hill, 1950).” We agree 
with the statement, since in our own experiments depolarization with excess 
K appeared to be an essential “priming” step. But then Sten-Knudsen (1954) 
states “that the longitudinal component of the current has little or no effect 
in eliciting muscle contraction.” We believe that this conclusion has no clear 
experimental support. The observation that in a D.c. field only the cathodal 
end! of the non-propagating muscle contracts merely shows the significance of 
depolarization as a first step in the series of events leading to contraction. But 
it does not serve as evidence for the direct effect of depolarization on activa- 
tion, nor does it exclude the significance of the longitudinal field as a subse- 
quent step. It can be argued that it is the joint action of depolarization and the 
longitudinal field which produces the effect at the cathodal region and there 
only, because this region alone is sufficiently depolarized; the rest is not, or is 
even hyperpolarized. 

The same argument is valid concerning the conclusiveness of the experiments 
of Watanabe and Ayabe with microelectrodes (1956). Two microelectrodes 
were placed in a frog muscle fiber rendered non-propagating by procaine or by 
Na lack. No contraction was observed when a longitudinal current was pro- 
duced between the electrodes unless they were far apart, when current could 
have leaked out, resulting in depolarization. These results again only show that 
depolarization is indispensable as a first step in activation, but do not rule 


1 While this paper was being considered for publication, experiments in our labora- 
tory (Mashima and Csapo, data to be published) showed that the p.c. effect is not 
localized to the cathodal region, but that the muscle shortens at its whole length 
with the exception of the extreme anodal end. 
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out the possibility that activation is more directly linked to the longitudinal 
current than to depolarization. 

Sten-Knudsen (1954) depolarized the toe muscle with 12 mm KCl-Ringer, 
slightly below the “critical potential” (Jenerick and Gerard, 1953). He com- 
pared the maximum contractile force, of the normal muscle, with that of the 
non-propagating muscle in the transverse field, when the whole muscle con- 
tracts, and in the longitudinal field ‘“‘when only the ends contract.’’ He found 
80 per cent tension in transverse application of the field (2 v./cm., 1200 c./s.) 
and 2 per cent steady force in the longitudinal field (2 v./cm., 200 c./s.). 

We (Csapo and Suzuki, 1957, partial report) repeated these experiments of 
Sten-Knudsen (1954). We found that if optimum stimuli (both for strength 
and frequency) are used in the transverse and longitudinal fields, tension is not 
significantly different. It is simple to establish the optimum stimulus in a non- 
propagating muscle. Both the field strength and frequency optima are indicated 
by the saturation of the tension/field strength or frequency curves. If the 
muscle. is overstimulated relaxation is instantly prolonged and recovery, 
following repolarization, becomes incomplete. We obtained 100 per cent re- 
covery at the end of our experiments in which the muscle, when depolarized, 
was repeatedly stimulated in a 16 v./cm. longitudinal a.c. field. We also found 
that the addition of 1 to 2 mm excess K to the Ringer, in which a K-blocked 
muscle was suspended, abolished altogether the high frequency effect of the 
transverse field. We wonder whether in 12 mm K (slightly below critical po- 
tential) the muscle is not in a “transitory” state with respect to propagation. 
We also found that the longitudinal field becomes more effective when the 
non-propagating toe or sartorius muscle is depolarized stepwise (within limits) 
by excess K. We have shown (see above) not only that the non-propagating 
toe and sartorius muscle contracts along its whole length in a longitudinal 
A.c. field, but that the middle contracts more than the ends. We demonstrated 
that this is true at a field strength value of 4 v./cm. 

We suggest, therefore, that Sten-Knudsen’s results (1954) are due to ineffec- 
tive stimulation (both for frequency and for strength) in the longitudinal field. 
The effectiveness of the high frequency transverse field, on the other hand, 
should be evaluated with caution, since it occurs only at or just below the criti- 
cal potential and disappears if the membrane is further depolarized by only a 
few millivolts. Yet tension in the longitudinal field increases by stepwise de- 
polarization (within limits), indicating that the contractile system is not losing 
contractile capacity by this procedure. The fact, furthermore, that optimum 
frequency in the transverse field shifts to lower and lower values as the mem- 
brane is depolarized only slightly below the critical potential (between [K], = 
11 to 13 mas/liter) is a further indication that the membrane is in a transient 
condition. A [K], higher than 12 ma/liter, permits maximum tension for low 
frequency only (50 c./s. to 100), both with transverse and longitudinal stimu- 
lation. 
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Taking all the information discussed above into account, it appears that 
depolarization has a multiple function in the excitation process in muscle. It 
is responsible for starting off the propagated action potential and for the 
generation of currents inside the muscle fiber; in addition, depolarization 
seems to serve as an essential “priming” step in the series of events leading to 
activation. It is conceivable that the equilibrium of ions, periodically distrib- 
uted and bound to cross-structures (such as the Z membranes), becomes dis- 
turbed by depolarization. There is also much evidence that Ca is a key ion in 
activation (see for review, Sandow, 1952) and that this ion is periodically 
distributed. But the release of ionized Ca resulting from the effect of depolari- 
zation at cross-structures does not overcome the time limitations of Hill, set 
for the coupling process. This ion still has to move great distances if it is to be 
used for the activation of the contractile system throughout the space between 
one Z membrane and the next. 

It is conceivable that Ca, for example, which is not available for the acto- 
myosin system during rest, becomes gradually available during the develop- 
ment of full activity and the opposite may be true for the “relaxing factors” 
(see for references Weber and Portzehl, 1954; Morales and Botts, 1956). It is 
also conceivable that it is the movement of Ca ion which transforms a resting 
muscle into an active one. Depolarization may shift the Ca equilibrium toward 
ionized Ca, which has to move then between the zones, where it is held during 
rest. This may be achieved effectively by the contribution of the longitudinal 
field in the process of the excitation contraction coupling. 
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MUTANT OF RHODOPSEUDOMONAS SPHEROIDES 
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ABSTRACT 


Endogenous photosensitization in a carotenoidless mutant of Rhodopseudomonas 
spheroides has been studied. 

When this mutant is exposed to visible light and oxygen there is a short lag period 
followed by exponential killing of the cells. The killing process obeys the Bunsen- 
Roscoe law of reciprocity and is temperature-independent. 

The chlorophyll content of the cells does not affect the rate of killing until a certain 
low threshold has been reached. 

Exposure of photosynthetically grown cells to air in the dark induces a temporary 
desensitization to the killing. 

A certain proportion of the population is invariably resistant to the photokilling. 
Evidence is presented to show that the resistance of these cells is probably a result of 
their abnormally low chlorophyll content. 

One consequence of the irradiation is the appearance of abnormally small colonies 
upon plating the survivors. This is interpreted in terms of a multi-hit theory. 

The photosensitizing pigment itself (the intracellular bacteriochlorophyli) is 
destroyed. The process is zero order, temperature-dependent, and does not follow the 
reciprocity law. 

It is suggested that the death of the cell results from a disruption of the cell mem- 
brane. 


Except for the autoxidations in plants, stimulated by narcosis, excess oxy- 
gen, or exceedingly high light intensities (Rabinowitch, 1945), instances of 
endogenous photosensitization are rare. Griffiths ef al. (1955) described a 
mutant of the photosynthetic bacterium, Rhodopseudomonas spheroides, 
which lacks all colored carotenoids but synthesizes almost normal amounts 
of bacteriochlorophyll. Under anaerobic conditions this “blue-green” mutant 
is still capable of photosynthetic growth. However, upon simultaneous ex- 
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posure to light and air it undergoes typical photodynamic killing; the photo- 
sensitizing pigment has been identified as the intracellular bacteriochlorophyll 
(Sistrom, Griffiths, and Stanier, 1956). Such photosensitivity is not mani- 
fested by the wild type of R. spheroides, or by other classes of mutants which 
still contain colored carotenoids; it has been suggested (Sistrom, Griffiths, 
and Stanier, 1956) that the photosensitivity of the blue-green mutant is a 
specific physiological consequence of the loss of carotenoid pigments from the 
photosynthetic apparatus. A more detailed study of this example of endoge- 
nous photosensitization has been made and the results are reported below. 


Methods 


The experiments to be described were performed with strain UV 33, a carotenoidless 
mutant of R. spheroides strain 2.4.1., obtained by ultraviolet irradiation of the wild 
type (Griffiths and Stanier, 1956). Stock cultures were maintained as described by 
Sistrom, Griffiths, and Stanier (1956). The semisynthetic medium described by Cohen- 
Bazire, Sistrom, and Stanier (1957) was used for growing liquid cultures. The solid 
medium used for maintenance of stock cultures and for making plates consisted of 
Difco yeast extract, 0.3 gm.; Difco casamino acids (technical grade), 0.2 gm.; modified 
Hutner’s base (Cohen-Bazire, Sistrom, and Stanier, 1957), 0.5 ml.; 1 m phosphate 
buffer (pH 6.8), 0.5 ml.; 2.0 gm. agar; all dissolved in 100 ml. distilled water. The 
suspending medium used in the experiments on photosensitization consisted of modi- 
fied Hutner’s base, 2.0 ml. and 1 m phosphate buffer (pH 6.8), 2.0 ml., diluted to 100 
ml. with distilled water. 

Cell mass was estimated with a Beckman model DU spectrophotometer by meas- 
uring optical density at 680 my. 

The chlorophyll content of the cells was measured by the spectrophotometric 
method of Cohen-Bazire, Sistrom, and Stanier (1957) and is expressed as the specific 
chlorophyll 





Mg. chlorophyll/100 ml. culture 
O.D.ss0m, of the culture 


The amount of chlorophyll in the cell is inversely related to the light intensity at 
which the culture is grown (Cohen-Bazire, Sistrom, and Stanier, 1957). Cells with 
high or low chlorophyll levels were accordingly obtained by cultivation, under other- 
wise identical conditions, at different light intensities. 

Experiments on photodynamic killing were carried out as follows. The contents of 
an aerobically grown slant culture (about 2 x 10'* cells) were inoculated into a 50 ml. 
Florence flask filled to the neck. The flask was incubated in a light cabinet at 30°C. 
When the culture had reached an optical density of 0.6 to 0.8, transfer was made to a 
large test tube (2.8 X 20 cm.) containing about 80 ml. of medium. The tube (con- 
taining about 2 x 10 cells/ml.) was fitted with an aeration and sampling device, 
placed about 1 cm. from the entrance window in a glass water bath maintained at 
30°C., and bubbled through with a mixture of 95 per cent nitrogen and 5 per cent COs. 
The culture was illuminated with two 300 W photoflood lamps. The light intensity was 
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Fic. 1. Photokilling and small colony formation in a photosynthetically grown 
culture of the blue-green mutant. 


measured at the entrance window of the water bath with a Weston photoelectric 
light meter and was, unless otherwise noted, adjusted to an intensity of 1,000 foot- 
candles. 

When, after a number of cell divisions, it was established that the cells were in the 
exponential phase of growth, transfer was made to a similar tube containing the 
suspending medium. The finai cell density was about 2 * 10° cells/ml. This tube was 
wrapped in aluminum foil, placed in the water bath, and bubbled through with a 
mixture of 95 per cent air and 5 per cent CO2. After about 5 minutes of aeration, the 





ENDOGENOUS PHOTOSENSITIZATION 








T. 
4 


' T 3 
T 
i 





“DESENSITIZED" 
CELLS 











CELLS/ML, 





CONTROL 
CELLS 


— 





VIABLE 

















108 | 
40 60 80 100 120 


TIME, MINUTES 








Fic. 2. Aerobic desensitization of the blue-green mutant. The control cells were 
grown photosynthetically. 


foil was removed and the non-growing population was photosensitized by illuminating 
the tube. Samples were removed at intervals and the number of survivors determined 
by the spread plate technique. 


RESULTS 


When the blue-green mutant is exposed to visible light and air there are 
two gross manifestations: the cells are killed and the photosensitizing pig- 
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Fic. 3. The effect of light intensity on the photokilling process. 





ment, the intracellular bacteriochlorophyll, is destroyed (Sistrom, Griffiths, 
and Stanier, 1956). 


Photokilling 


Killing Curve.—Fig. 1 shows a typical killing curve obtained by exposure 
of a photosynthetically grown culture of the blue-green mutant to visible 
light and air. There is commonly an initial lag period of variable duration, after 
which the rate of death becomes logarithmic. The interpretation of the ini- 
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tial lag period in the killing curve remains tentative. The simplest explana- 
tion would be in terms of a multi-target theory. Extrapolation indicates that 
about ten hits are necessary for the death of the cell. 

Aerobic Desensitization.—When photosynthetically grown cells are exposed 
(in a growth medium) to air in the dark for a period as short as one division 
cycle, they become temporarily desensitized to the photodynamic effect. The 
lag period is greatly extended and the ensuing logarithmic killing rate is about 
one-tenth that of the control rate (Fig. 2). 

When cells are grown aerobically in the dark for a number of generations 
they completely lose their sensitivity to photokilling. It is impossible to make 
a prima facie distinction between two possible explanations: (1) aerobic me- 
tabolism confers on the organism an intrinsic resistance to photokilling or, 
(2) the photosensitizing pigment (which is not synthesized under conditions 
of aerobic growth) is so diluted by growth that the amount present is no 
longer sufficient to sensitize the cell. The latter mechanism undoubtedly plays 
an important role. However, the intrinsic resistance to photokilling can be 
tested by imposing an exogenous, photosensitizing dye on the resistant cells. 
When aerobically grown, chlorophyll-less cells were treated with toluidine 
blue (3 X 10-* m at pH 6.8) and exposed to visible light and air they still 
manifested total resistance to photokilling. There is, therefore, something in 
the nature of aerobic growth which renders the cell resistant to photosensitiza- 
tion. 

Effect of Light Intensity—The Bunsen-Roscoe law of reciprocity, a basic 
law of photochemistry, states that a photochemical reaction is independent 
of the light intensity or, that in order to produce a given photochemical re- 
sponse, the product of J, the intensity, and 7, the time of exposure, must 
be constant (Kistiakowsky, 1928; Allmand, 1925; Blum, 1941). This law has 
been further qualified (Taylor, 1928) to include a separation of the quantized 
absorption process (for which the reciprocity law holds) from the purely 
thermochemical processes which follow the photochemical absorption. Thus, 
any deviation from the Bunsen-Roscoe formulation would tend to imply 
complicating thermal or collisional reactions. Fig. 3 illustrates the effect of 
light intensity on the killing process. If the logarithm of the number of sur- 
viving cells is plotted against the dosage of energy (intensity X time) a rather 
close adherence to the reciprocity law is observed (Fig. 4). The killing is ap- 
proximately independent of the intensity. 

Effect of Temperature.—In view of the relatively high energy level to which 
a molecule is raised by its absorption of a quantum of light, a photochemical 
reaction with a temperature coefficient greater than 1 would not be antici- 
pated (Goldberg, 1906) unless secondary thermal or collisional reactions were 
involved (Bodenstein, 1913; Tolman, 1920). In the curve for photodynamic 
killing no change in slope was observed between 4 and 40°C. Placing the cells 
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at —40°C. for a few hours between irradiation and plating likewise had no 
effect on the slope of the killing curve. This indicates either that the reaction 
is purely photochemical or (more probably) that the molecule absorbing the 
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Fic. 4. The effect of light intensity on the photokilling process. The data from Fig. 


3 have been replotted to show the adherence of the killing process to the reciprocity 
law. 








light and the molecule being photooxidized are in such close contact that the 
energy transfer is relatively efficient. 

Effect of Chlorophyll Concentration—The photokilling process is a first 
order reaction; i.e., the concentration of some component of the reaction is 
limiting. In order to determine whether that limiting reactant was the photo- 
sensitizing molecule itself, killing was studied using cells of differing chloro- 
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Fic. 5. The increase of photosensitivity of the blue-green mutant resulting from 
treatment with 3 X 10~* m toluidine blue at pH 6.8. 


phyll contents. At specific chlorophyll levels between 0.25 and 1 there was no 
difference in the slope of the killing curves. However, cells with a specific 
chlorophyll of 0.25 were markedly less sensitive to photokilling. Apparently 
the chlorophyll, at a sufficiently low level, assumes the role of the limiting 
reactant. 

Resistant Cells.—A certain proportion of the population is always refractory 
to the photokilling (Fig. 1). The mechanism of survival is evidently a phe- 





MARTIN DWORKIN 1107 


nomic one since resistant survivors quickly give rise to normally sensitive 
populations upon subsequent photosynthetic growth. Sistrom, Griffiths, and 
Stanier (1956) suggested that the resistant organisms were simply those mem- 
bers of the population whose chlorophyll content was sufficiently low to render 
them incapable of being lethally photosensitized. If this were the case one 
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Fic. 6. The effect of light intensity on the photodestruction of chlorophyll at 30°C. 














would also expect their photosynthetic growth rate to be considerably lower 
than that of the cells with a normal complement of chlorophyll (Griffiths et 
al., 1955). The following experiment suggests that this is probably the case. 
Aliquots were removed at intervals from an exponentially growing, photo- 
synthetic culture. These aliquots were exposed to visible light and oxygen and 
the number of resistant and sensitive cells determined. In this manner, the 
rates of increase of both sensitive and resistant cells were determined. The 
rate of growth of the resistant cells was found to be about one-half that of the 
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sensitive cells. An intrinsic resistance of these surviving cells can be ruled 
out by the following experiment in which an external photosensitizer is used. 
Normally pigmented cells were suspended in a solution of 3 X 10-* m tolui- 
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Fic. 7. The effect of light intensity on the photodestruction of chlorophyll. The 
data from Fig. 6 have been replotted to show the deviation from the reciprocity law. 


dine blue at pH 6.8 and exposed to light and air. Fig. 5 shows that the pres- 
ence of the dye resulted in an 83 per cent increase in killing. Therefore, the 
resistance of the surviving cells can reasonably be attributed to their abnor- 
mally low chlorophyll content. 

The origin of the low chlorophyll cells becomes apparent from a considera- 
tion of the process employed in preparing the inoculum. There is a sufficient 
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carry-over of non-pigmented cells from the initial, aerobic slant culture to 
account for the number of resistant organisms found in the experimental cul- 
ture. 

Small Colonies.—On the plates prepared during the lag period of the killing 
curve, there is an increasing number of =bnormally small colonies. Their 
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Fic. 8. The effect of changes in the chlorophyll content of the cell on the kinetics 
of chlorophyll destruction at 30°C. and 1000 foot-candles. 











number reaches a maximum and then decreases sharply during the period of 
logarithmic killing (Fig. 1). These small colonies eventually attain full size 
and on subsequent subculture give rise to normal colonies. In view of the 
multi-hit nature of the killing curve it seems reasonable that the small colonies 
represent the progeny of those cells which, during the lag period, received less 
than the ten hits requisite for killing. This in turn implies that those cells 
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have sustained a sublethal lesion resulting in a delayed initiation of growth. 
Kaplan (1956), working with exogenously sensitized cells of Serratia marces- 
cens, reported a similar phenomenon. After irradiation of the cells with visible 
light, plating of the culture revealed that up to 40 per cent of the population 
gave rise to abnormally small colonies. Kaplan was also able to demonstrate 
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Fic. 9. The effect of temperature on the photodestruction of chlorophyll at 1000 
foot-candles. 


a mutagenic effect of photosensitization. No such effect, as measured by 
mutation to streptomycin resistance, was detectable with the blue-green 
mutant. 


Chlorophyll Destruction 
One effect of the photodynamic action is the destruction of part of the 
photosensitizing pigment itself (Fig. 6). 
Effect of Light Intensity and Chlorophyll Concentration When the effect of 
light intensity on the chlorophyll destruction is examined, a wide deviation 
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from the reciprocity law is observed. In Fig. 6 the chlorophyll content of cells 
is plotted arithmetically against time of irradiation at a number of different 
light intensities. It can be determined that the rate of chlorophyll destruction 
varies approximately with the square root of the light intensity. This is a 
fairly common photochemical relationship (Berthoud, 1931) the implications 
of which are not yet clear. When the chlorophyll content is plotted against 
the energy dosage, the deviation from the Bunsen-Roscoe law is apparent 
(Fig. 7). In contrast, the photokilling process adheres to the reciprocity law. 

At sufficiently high light intensity the kinetics of chlorophyll destruction 
change from zero order (all reactants in excess) to first order (one reactant 
in limiting concentration). See Fig. 6. This implies that at high concentrations 
of photons the chlorophyll becomes a limiting factor in the reaction. If this is 
the case, a conversion of the kinetics of chlorophyll destruction from zero to 
first order should also be achieved by lowering the chlorophyll concentration 
of the cell and keeping the light intensity constant. This is indeed the case 
as can be seen in Fig. 8. 

Effect of Temperature.—Chlorophyll destruction and death of the cell may 
be further distinguished by their different responses to temperature. In con- 
trast to the temperature independence of the killing process, chlorophyll 
destruction has a Qi between 20 and 30°C. of about 3.7. At 6°C. there is no 
measurable destruction of chlorophyll (Fig. 9). 


DISCUSSION 


The experiments on the kinetics of photokilling and chlorophyll destruction 
clearly indicate that after absorption of light by the chlorophyll, which acts 
as a sensitizer for both reactions, the two processes proceed independently. 
Death of the cell cannot be attributed either to the destruction of the chloro- 
phyll or to secondary effects from the products of chlorophyll destruction. 
This is graphically illustrated by the fact that at 6°C. killing takes place in 
the absence of measurable chlorophyll destruction. There must, therefore, be 
a transfer of energy from the excited chlorophyll to some acceptor molecule. 
Further, while the chlorophyll destruction involves thermal reactions or inter- 
molecular collisions subsequent to the act of light absorption, death of the 
cell is a result of a transfer of energy from the sensitizer to an acceptor mole- 
cule close enough to it so that the reaction behaves in an almost pure photo- 
chemical manner. This should provide an important clue to the nature of the 
photooxidized substrate. It must be a cellular component in close proximity 
to the chromatophore particle, the carrier of the chlorophyll. Since prelimi- 
nary evidence strongly suggests that the chromatophores are located in the 
matrix of the cell membrane (Marr, 1957; Newton and Newton, 1957), it is 
likely that the cell membrane itself is the site of the lethal photooxidations. 


My deepest thanks are due Dr. Roger Y. Stanier for his guidance and hospitality. 
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ABSTRACT 


The low photosynthetic efficiency of chlorophyll in freshly collected red algae, can, 
in the case of Porphyra perforata, P. nereocystis, and Porphyridium cruentum, be 
increased by growing the algae for 10 days in red or blue light. Exposure to darkness 
or to green light maintains the algae in their originally low efficiency with respect to 
chlorophyll, while retaining the high efficiency of phycobilins. Red- or blue-adapted 
algae are rapidly reversed by exposure to green light, the chlorophyll efficiency drop- 
ping to low values again in a few hours. This is assumed to account for the action 
spectrum of freshly gathered plants. 

Some pigment changes were observed, but not in the direction of “chromatic 
adaptation;”’ and the carotenoid pigments were not activated, even by blue light, but 
remained as photosynthetically inactive shading filters. The higher red algae (Flo- 
rideae) did not show activation of chlorophyll by red or blue light. 


Chlorophyll a of freshly collected marine red algae sensitizes photosynthesis 
with an efficiency of about 0.04 molecule oxygen liberated per absorbed quan- 
tum. This is in contrast to about 0.08 for the phycobilin pigments phycocya- 
nin and phycoerythrin in the same algae and for chlorophyll of most other 
organisms (1). Two mechanisms may lead to the low efficiencies: (a) relatively 
rapid (ontogenetic) response to environmental factors and (b) rigid genetic 
(phylogenetic) control. If changes of efficiency are reversible and (a) operates 
in red algae it should be possible to increase the efficiency of chlorophyll- 
sensitized photosynthesis by altering parameters such as temperature, nu- 
trients, carbon dioxide, or light. Long-time breeding and selection would be 
necessary to demonstrate (b). The preliminary experiments described below 
provide evidence for (a) by showing that chlorophyll-sensitized efficiencies as 
high as 0.07 can be induced by growing Porphyra thalli in red or blue light. 


Absorption spectra, photosynthetic action spectra, and quantum efficiencies were 
determined as previously described (1, 2) in the genus Porphyra and other red algae 


* Research partly supported under contract with the Office of Naval Research 
(Nonr 120-050). 
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before and after varying periods of dark or continuous illumination in narrow wave 
length regions of the visible spectrum. The illumination sources consisted of CH-4 
reflector spot lamps with glass and liquid filters. The green Hg line (546 my) was 
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Fic. 1. Absorption spectra (solid lines) and action spectra (dotted lines) of Porphyra 

perforata thalli before and after darkening. Ordinates, per cent absorption or relative 

rate of photosynthesis per incident quantum; abscissae, wave lengths in mu. A (above), 

freshly collected thallus; B (below), after 10 days’ darkness (in running sea water, 
at 15°C.). 





isolated with a Corning number 5120 filter and 5 cm. of water containing KyCr20, and 
CuSO,, the blue line (436 my), with a Corning number 5562 filter, 3 cm. H,O, and 2 
cm. saturated solution of NaNO:. The former gave an intensity of 175 ergs/mm.*/sec., 
the latter, 240 ergs/mm.2/sec. at the plane of the algae. Aerated seawater, 15°C.., 
flowed continuously over the algae. 
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Changes in the relative efficiencies were estimated from the ratio of photosynthetic 
action/absorption before and after such illumination (or darkness) as shown in Figs. 1 
and 2. The characteristics of the action and absorption spectra for the freshly collected 
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Fic. 2. Absorption spectra (solid lines) and action spectra (dotted lines) of Porphyra 
perforata thalli, previously exposed to A (above), green light (546 my); B (below), 
blue light (436 my) (exposures in running sea water for 10 days at 15°C.). Ordinates 
and abscissae as in Fig. 1. 


thallus (Fig. 1 A) are similar to those previously reported (2). Data for all curves were 
obtained from adjacent sections cut from a uniform portion of one thallus. 


Assuming a constant quantum efficiency of photosynthesis sensitized by 
phycocyanin at A 620 my, there appear to be only small changes in that of 
phycoerythrin measured at \ 560 my; the largest being about a 10 per cent 
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decrease for the thallus grown at \ 546 my (Fig. 2 A). The efficiency of chloro- 
phyll a, as measured at 675 my, decreased in both the darkened thallus (Fig. 
1 B) and that exposed to green light, 546 my (Fig. 2 A). These results are in 
contrast to those obtained from the thallus exposed to blue light, A 436 my 
(Fig. 2 B). Here there is a relative increase in chlorophyll efficiency, to a value 
nearly equal to that of phycocyanin. The action spectrum, at the longer wave 
lengths, now shows a close resemblance to the absorption spectrum at the 
long wave length maxima of all three principal pigments instead of the two 
phycobilins alone (as in Fig. 1 A). A comparable increase of efficiency at the 
blue absorption maximum of chlorophyll (A 420 mu) was not observed how- 
ever. This is presumably due to shading of chlorophyll by photosynthetically 
inactive pigments such as carotenoids. Similar changes in relative efficiency 
were observed in Porphyra nereocystis and the unicellular red alga Porphyrid- 
ium cruentum. In all three organisms the blue-induced changes were partially 
duplicated by red light (A 660 my). 

That these relative results were not due to a decrease of phycobilin effi- 
ciency to the initial low level of chlorophyll was demonstrated by quantum 
efficiency measurements. For example, the measured values for a freshly 
collected Porphyra nereocystis thallus were 0.052 and 0.031 molecules O2 evolved 
per absorbed quantum at A 560 my and A 675 my respectively. After exposure 
to red light (200 ergs/mm.?/sec. A 660 to 690 my) for 10 days, the correspond- 
ing values were 0.086 and 0.071—increases of 65 and 130 per cent respectively. 

Reversion to the initial low chlorophyll efficiency was observed after brief 
exposure of such adapted red algae to green light. A thallus of Porphyra nereo- 
cystis initially with a phycoerythrin/chlorophyll efficiency ratio of 3.2 was 
exposed to red light 2.5 days, reducing the ratio to 1.3. Exposure to A 560 
my, 60 ergs/mm.?/sec. increased the ratio to 1.9 at the end of 2 hours and 
to 2.8 at 9 hours. Thus the efficiency of chlorophyll-sensitized photosynthesis 
in red algae can be reversibly altered within certain limits by visible radiation 
to which they had been previously exposed. Low temperature (5°C.) and 
supplemental illumination during the time of measurement are also reported 
to increase the photosynthetic efficiency of green and red algae at long wave 
lengths (5-7). 

During the course of the illumination and dark treatments of thalli, changes 
in their color appeared, related to changes in absorption spectra (Figs. 1 and 
2). These spectral changes were definite and consistent enough to justify 
brief remark. They were interpreted, qualitatively, as resulting from altered 
pigment concentration and will be so described. Precise quantitative estima- 
tion of pigment content from the absorption spectra of the living thalli alone 
is precluded by (a) optical inhomogeneity caused by localization of pig- 
ments in the plastids, and (5) partial overlapping of the absorption bands of 
the various pigments. However, the overlapping is small and should not lead 
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to serious error here since the relative amounts of each pigment changed only 
slightly. 

The dark-treated thallus contained more phycobilins and chlorophyll per 
unit area than the freshly collected plants. The thallus illuminated at \ 546 
my decreased in phycobilin and increased slightly in chlorophyll content. 
The thallus receiving \ 436 my contained more phycoerythrin but less phyco- 
cyanin and slightly less chlorophyll. These interpretations, at least for chloro- 
phyll, were in agreement with data from quantitative solvent extractions and 
spectrophotometric analyses of the extracts. Chlorophyll d content (3) could 
account for less than 0.3 per cent of the total light absorption at A 675 mu, 
and changes in chlorophyll a/d ratio were below the limits of spectrophoto- 
metric detection. 

None of the observations on pigments and apparent changes in their con- 
centration supports the theory of (ontogenetic) complementary chromatic 
adaptation. According to this hypothesis (4, pp. 419-427) the thallus should 
increase in absorption at the specific wave length of illumination. For example 
green light of \ 546 my should specifically increase the phycoerythrin content. 
In fact a decrease, under the conditions of these experiments, was generally 
observed. However, the data from Porphyra thalli were not obtained from a 
wide enough range of conditions to permit generalizations in this controversial 
field. 

Although parallel experiments with higher red algae (Florideae) were made, 
neither efficiency nor pigment changes were observed. Nor was it always pos- 
sible to induce changes in Porphyra, a lack of response at times being pre- 
sumably due to seasonal differences. 

The changes described above were accompanied by increases in thallus area 
(growth) but no attempt as yet has been made to correlate the several events. 
Nor have they been studied by varying other possible parameters. However, 
it is apparent that the high intensity of green light in coastal waters where 
Porphyra normally grows can account for the relatively low efficiency of its 
chlorophyll-sensitized photosynthesis when first collected. 
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ABSTRACT 


Some electrical properties of the synapses between central giant axons (presynaptic) 
and the motor giant axon (postsynaptic) of the crayfish abdominal nerve cord have 
been investigated. Postsynaptic potential change in response to presynaptic volleys 
contains two components: a spike potential and a synaptic potential of very long 
time course. Amplitude of the synaptic potential is graded according to the number 
of active presynaptic axons. Conductance increase in the synaptic membrane endures 
over most of the period of potential change, and it is this rather than the “electrical 
time constant” of the membrane that in large measure determines the form of the 
synaptic potential. Temporal summation of synaptic potential occurs during repeti- 
tive presynaptic stimulation, and after such stimulation the rate of decay of synaptic 
potential is greatly slowed. 


The third root of each abdominal segment of the crayfish contains a giant 
fiber (Johnson, 1924) that receives synaptic connection from the ipsilateral 
lateral giant fiber and from both median giant fibers of the central nerve cord. 
Because of its size, and because the exact loci of synapsis can be seen by micro- 
scope without staining, the giant axon preparation is excellent material for the 
study of phenomena occurring at the synaptic region, with which question the 
present account is concerned. 


The experiments were performed on the central nerve cord of the crayfish (Pro- 
cambarus clarkii) isolated together with its abdominal segmental roots and suspended, 
by means of two forceps, one at the thoracal part of the cord, the other at the fourth 
abdominal segment, in crayfish saline! under paraffin oil. The root to be used for re- 
cording, usually of the first or second abdominal segment, was brought into the oil 
so that the cord-root junction was at the oil-saline interface. Records were obtained 


* Present address: Department of Physiology, Tokyo Medical and Dental Uni- 
versity, Tokyo, Japan. 

! The saline used had the following composition after Van Harreveld (1936): NaCl, 
12 gm.; KCl, 0.4 gm.; CaCle, 1.5 gm.; MgCls, 0.25 gm.; H2O, 1000 ml. (pH adjusted 
to 7.5 with NaOH). 
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by electrodes one at the distal end of the root in oil, the other in the saline. For internal 
recording micropipettes of tip diameter less than 0.5 yw and filled with 3 m KCl were 
used. A p.c. amplifier with cathode follower input and adjustable negative capacitance 
was employed to achieve a low grid current and to compensate for distortion. 

The cord was stimulated at its caudal end by means of square wave pulses of 0.1 
msec. duration. Usually the lateral giant axons displayed the lowest threshold, with 
increase in stimulus strength recruiting in succession first one medial giant axon, 
then the other, and finally the non-giant axons. 


RESULTS 

Responses Recorded by Means of External Recording Electrodes.—External 
recording with the electrodes placed as described reveals the potential differ- 
ences developed between the root-cord junction and the distal end of the third 
root of the first abdominal segment. In this lead the passage of impulses in the 
central giant axons appears as a polyphasic deflection, the second phase of 
which indicates arrival at the region of the presynaptic impulses. This deflection 
also serves to indicate the number of presynaptic giant axons activated by a 
given stimulus. 

To obtain the records A, B, and C of Fig. 1 the presynaptic stimulus was in- 
creased progressively. In Fig. 1 A, the stimulus being subliminal, there was no 
appreciable potential change. When one central giant axon was activated 
(Fig. 1 B), its impulse was recorded as the small diphasic deflection following 
the stimulus artifact. This deflection is followed after somewhat less than 1 
msec. by a large diphasic spike potential indicating postsynaptic response in 
third root axons. There follows in turn a slow potential change of low amplitude 
and of negative sign at the cord-root junction. Further increase in the stimulus 
brought other central giant axons into action (Fig. 1 C). This is indicated by an 
increase in the initial deflection. There is no change in the postsynaptic spike 
potential of the third root, but the slow potential is markedly increased and 
prolonged as a consequence of the increased central giant fiber activity. 

Records D, E, and F of Fig. 1 were obtained at higher sweep speed from an- 
other preparation. Stimulation was subliminal for the recording 1D. At 
strength sufficient to stimulate a single central giant axon (Fig. 1 E) the simple 
initial deflection signalling its activity again is seen followed this time, however, 
only by the slow potential, there being no postsynaptic spike potential in the 
third root. Upon further increase in stimulus strength (Fig. 1 F) the initial 
deflection becomes complex, indicating response of other central giant axons, 
and a postsynaptic spike potential, of which only the onset is seen, appears in 
the third root. 

Intracellular Recording of Potential Change in the Motor Giant Axon.—There 
follows an analysis of these responses made with the aid of intracellular record- 
ing from the motor giant fiber in the root. 

Fig. 2 presents intracellular recordings from the motor giant axon at the 
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point of its exit from the cord, the experiment otherwise being similar to those 
illustrated in Fig. 1. The left and right columns are similar responses recorded 
at different sweep speeds. Below a critical stimulus intensity no response occurs 
in the motor giant axon (Fig. 2, A and D). Upon increasing the stimulus there 
appears (Fig. 2, B and E) a spike potential after which there is a redevelop- 


Fic. 1. Potential changes in the third root of the second abdominal segment re- 
corded by external electrodes following stimulations of the caudal abdominal cord. 
A, B, and C: responses in a single preparation following stimuli of increasing strength. 
Time: 5 msec. D, E, and F: similar responses from another preparation. Time: 1 
msec. Calibration: 0.5 mv. for all records. 


ment of membrane depolarization that starts from the base line, reaches maxi- 
mum a few msec. after the spike potential, and decays over a very short time 
course. Further increase in stimulus intensity did not in any way alter the 
spike potential response, but there is a step-like increase and great prolonga- 
tion of the slow depolarization (Fig. 2, C and F). Still further increase in stimu- 
lus caused no further change in the recorded potential. 

The step-like changes seen in Fig. 2 clearly are due to the successive recruit- 
ment of central giant axons. Although one might suppose the slow depolariza- 
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tion in records B and E of Fig. 2, appearing as it does in a single step with the 
spike potential, to be an after-potential, the increment that occurs with further 
increase of stimulus cannot be so designated. It is rather a synaptic potential 


Fic. 2. Potential changes during reflex response recorded internally from the 
synaptic region of the motor giant axon. A, B, and C: responses to incrementing 
stimuli. Time: 10 msec. D, E, and F: the same slower sweep. Time: 100 msec. Cali- 
bration: 50 mv. for all records. 


of the motor giant fiber evoked by presynaptic action. Parenthetically, the 
question of after-potential is considered further in connection with Fig. 3. 
Gradation of the slow depolarization demonstrates summation of the synaptic 
potentials produced at the several contacts between the central giant axons 
and the postsynaptic motor giant axon. 

If the slow depolarization indeed is a synaptic potential, it should be elicit- 
able in the absence of spike potential production. This is shown in Fig. 3. Rec- 
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Fic. 3. Internally recorded potential changes of motor giant axon. A, B, and C: 
responses to presynaptic stimulation. A single central axon causes response A. All 
central giant axons active for responses B and C. C: preparation deteriorated. Cali- 
bration: A and B 50 mv.; C 5 mv. Time: 10 msec. D, E, and F: comparison between 
directly elicited responses (D and E) and synaptically elicited response (F). Calibra- 
tion: 25 mv. Time: 5 msec. G: effect of brief inward current pulse on resting mem- 
brane potential. H: effect of similar pulse during plateau of synaptic potential. Cali- 
bration: 25 mv. Time: 5 msec. 


ords 3 A and 3 B were obtained in the same manner as were those of Fig. 2. 
However, in this instance the smallest effective stimulus caused a slow depolari- 
zation in the absence of a spike response (3 A). Upon increasing the stimulus 
other presynaptic axons were brought into action, resulting (3 B) in the dis- 
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charge of a postsynaptic impulse and increased amplitude of the slow depolari- 
zation. The rising phase of this increased slow depolarization displays a 
succession of peaks indicating that summation has occurred between synaptic 
potentials produced by asynchronously arriving presynaptic impulses. It is 
notable that the lowest threshold central axon in the circumstance of experi- 
ment acted upon the motor axon after the longest latency, the synaptic poten- 
tial in 3 A corresponding to the last peak of synaptic potential in 3 B. 

During progressive deterioration of the preparation yielding recordings 3, 
A, B, and C, the slow depolarization decreased in amplitude, the spike potential 
at first remaining essentially unaltered. At a critical stage the motor axon 
failed to generate an impulse; the spike potential disappeared leaving the 
three-step synaptic potential, of decreased amplitude, illustrated in Fig. 3 C. 

A Comparison of Direct and Synaptic Excitation of the Motor Giant A xon.- 
To stimulate the motor axons directly a current of brief duration was applied 
to the third root between an electrode placed at the distal severed end of the 
root and one immersed in the saline bath. The third root being suspended in 
oil, with the oil-saline interface at the root-cord junction, where the internal 
recording electrode was placed, stimulus current density across the motor giant 
axon membrane should be maximal at the region of the internal recording 
electrode. Hence the potential change recorded should be that of the stimulated 
region. Synaptic stimulation was secured in the manner earlier described. 

A directly applied stimulus current of subthreshold intensity gave rise to 
the brief depolarization illustrated in Fig. 3 D. This response in amplitude was 
graded according to intensity of the stimulating current until, at a certain 
value, the stimulus gave rise to a spike potential such as that depicted in Fig. 
3 E. The spike potential directly elicited, as seen in 3 E, is not associated with 
a slow depolarization whereas the orthodromically elicited spike potential, seen 
in record F of Fig. 3, is followed by a slow depolarization. Records 3 E and 3 F 
were recorded through the same microelectrode. 

Membrane Resistance.—When a current of given intensity is caused to flow 
from the electrode at the distal end of the third root to the saline bath, ampli- 
tude of the potential change recorded through the microelectrode should vary 
with the resistance of the axonal membrane at the region of the microelectrode. 
Record G of Fig. 3 displays the potential change obtained, in this manner, the 
axon membrane being in the resting state. By way of contrast Fig. 3 H shows 
the potential change obtained when a current pulse, of equal intensity and 
duration, is applied during the plateau of slow depolarization following an 
orthodromically elicited response. The potential change produced by the 
current in the latter instance is greatly reduced, a result that obtained even 
when the current pulse was applied during the declining phase of the slow 
depolarization. Otherwise put, there is associated with the slow depolarization, 
well into its declining phase, a decrease in membrane resistance. 
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Potential Changes during Repetitive Presynaplic Activity.—Fig. 4, A, B, and 
C illustrate potential changes caused by the action of two successive presynap- 
tic stimuli applied at divers intervals to the cord. In each recording the response 
to a single stimulus and to two stimuli are superimposed by double exposure. 
The experiment shows the slow potential capable of temporal summation (by 
successive impulses in presynaptic giant fibers) as it was seen, in connection 


Fic. 4. Internally recorded responses produced by repetitive presynaptic stimu- 
lation. A, B, and C: responses to two shocks at various intervals superimposed on 
single responses. D: 12 per sec. E: 30 per sec. Calibrations: 25 mv. Time: 100 msec. 
with Figs. 2 and 3, to be capable of spatial summation (by single impulses in 
several presynaptic giant fibers). The smaller spike potential appears to be due 
in part to conduction block at some point in the motor giant axon proximal to 
the recording locus and in part to reduction in amplitude of the electrotonically 
conducted blocked spike by virtue of decreased membrane resistance during 
the slow depolarization. Such conduction failure was not encountered in the 
very fresh preparation for which reason it may be considered a consequence of 
deterioration. 


Fig. 4, D and E depict events as recorded during and following repetitive 
presynaptic stimulation. At a frequency of 12 per second (4 D) there is only 
partial summation of the slow depolarization and that which follows the last 
stimulus has essentially the duration of slow depolarizations caused by single 
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stimulations. At approximately 30 per second, however (4 E), summation is 
virtually complete and the membrane potential is, in effect, clamped at a level 
close to that of the peak of synaptic potential caused by a single presynaptic 
stimulus. Moreover, the potential remains at the “‘clamped”’ level for a long 
time after the close of stimulation and then returns to the original level over a 
time course that is much slower than that of return following a single stimu- 
lation. 


Fic. 5. Internally recorded potential changes of motor giant axon produced by 
a single presynaptic stimulation. A, B, C, and D (E): responses to incrementing 
stimuli. The stimulus intensity in D and E are the same but the time course of po- 
tential change is different in D and E. Time: 100 msec. Calibration: 50 mv. for all 
records. 


At some invertebrate synapses, such as that between the first and second 
order giant axons in the squid, amplitude of the synaptic potential declines 
during the course of repetitive stimulation, even when the frequency of stimu- 
lation is too low for summation to occur. This phenomenon of fatigue, as 
described by Bullock (1948), although not encountered at the synapses under 
present discussion, is seen to occur in the crayfish synapses between central 
giant axons and the medium-sized axon of the third root. 

Prolonged Synaptic Potentials Caused by Single Presynaptic Stimuli.—On 
some occasions a strong stimulus applied to the cord will give rise to prolonged 
synaptic potentials such as those exemplified in Fig. 5. The successive recordings 
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in Fig. 5 represent responses elicited by single stimuli of incrementing inten- 
sity. For record 5 A the stimulus was subthreshold for the central giant fibers. 
The weakest effective stimulus secured the synaptic potential presented in 
record 5 B. Increase in stimulus then produced a spike response of the motor 
giant axon and a synaptic potential increased in amplitude and to a small 
degree in duration (record 5 C). To this point the recorded potential changes 
are those customarily encountered. However, upon further increase in stimulus 
intensity, the enormously prolonged and complicated synaptic potentials rep- 
resented in Fig. 5, D and E were recorded. The numerous small peaks seen on 
the plateau and declining phase of the synaptic potential bespeak the arrival 
at the motor giant axon of a succession of presynaptic impulses, from which 
fact it would appear that prolongation of the synaptic potential results from 
temporal summation. Since the strength of stimulation requisite for causing 
synaptic potentials such as those depicted in 5 D and 5 E usually is quite in 
excess of that sufficient to excite the central giant axons, it is reasonable to 
suppose that non-giant axons in the caudal part of the cord contribute to 
generation of the train of presynaptic impulses. Whether the non-giant axons 
act directly upon the motor giant axon or whether, in accord with the observa- 
tions of Kao and Grundfest (1956), the non-giant axons secure this result by 
causing repetitive response of the central lateral giant axon which in turn acts 
upon the motor giant axon cannot be decided definitively, although the latter 
alternative appears the more probable. 


DISCUSSION 


It is the usual custom to regard synaptic potentials, or in a more general 
designation junctional potentials, as being caused by a transient conductance 
increment of the postsynaptic membrane produced by the action of presynap- 
tic impulses (Fatt, 1954). At the neuromuscular junction the conductance 
increment endures only for the rising phase of the synaptic potential, the de- 
cay of the potential representing merely the discharge of charged membrane 
capacity through the resting membrane resistance (Fatt and Katz, 1951). The 
concept of brief junctional action and passive decay of potential has been 
justified for the neuromuscular junction by the finding of Fatt and Katz (1951) 
that analyses of end-plate potential and of electrotonus yield similar values for 
membrane resistance and capacity. A similar mechanism has been assumed for 
synaptic potentials of vertebrate motoneurons (Coombs, Eccles, and Fatt, 
1955) without the same experimental justification. At the crustacean synapses 
under present consideration however, the conductance increase at the synaptic 
membrane does not appear to be “instantaneous,” but rather to be enduring, 
indeed up to a fairly late stage of the synaptic potential. 

True, a synchronous arrival of presynaptic impulses at different synaptic 
contacts might contribute, by virtue of temporal summation, to prolongation 
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of conductance change. However, the observations: (1) that rate of decay of 
the synaptic potential is substantially slower than the simple decay of charged 
membrane capacity through the resting membrane resistance; (2) that the 
synaptic potential redevelops after impulse discharge; and (3) that a decrease 
of membrane resistance is measurable at a late stage of the synaptic potential 
all can be made with respect to synaptic potential elicited by single action in a 
single presynaptic giant axon. Hence, one must conclude that time course of 
the synaptic potential in question, unlike that of the end-plate potential, is 
determined largely by the conductance change of the membrane, rather than 
by the “electrical time constant” of the membrane. 

Inasmuch as the two aforementioned factors, at least, may be concerned in 
determining the course of a synaptic potential, and in varying importance, it is 
clearly a fallacy to argue that the decay of synaptic potential measures the 
time constant of the membrane and from this, that the “‘active phase” has a 
certain duration. For instance, it appears now that a distinction must be drawn 
between synaptic potentials of mammalian spinal motoneurons and end-plate 
potentials, for Frank and Fuortes (1956) have shown by direct test that the 
time constant of the motoneuron membrane is on the average 1.18 msec., a 
much lower value than the approximately 4.0 msec. value obtained by as- 
sumption as to the nature of the synaptic potential. One can only agree with 
Frank and Fuortes (1956) “that the long duration of the potential change 
evoked in the motoneurone soma membrane is not a consequence of the long 
time constant of this membrane itself, but rather of a similarly long-lasting 
change occurring elsewhere.” 


The author is grateful to Dr. D. P. C. Lloyd for his criticisms throughout the ex- 
periment and also for his help in preparing the manuscript. 
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ABSTRACT 


Frog skin cholinesterase is largely of the serum (pseudocholinesterase) type. For 
whole skin, the activity at 107 m AcChCl is 4.9 ul./mg. N/hr. 

Tela subcutanea isolated by dissection exhibits an activity of 65 wl./mg. N/hr. at 
10 uw AcChCl. Since about one-tenth of the nitrogen of the skin is located in the tela 
subcutanea, it is estimated that more than 90 per cent of the enzyme is associated 
with this tissue layer. 


Kirschner (8) has reported that inhibitors of cholinesterase inhibit active 
sodium transport in frog skin. These inhibitors are more effective when ap- 
plied to the inside of the skin than when applied to the outside. The action 
of each inhibitor on sodium flux has the same reversibility properties as its 


action on the enzyme. Thus, eserine, a reversible inhibitor of cholinesterase, 
reversibly inhibits active sodium transport, while tetraethylpyrophosphate, 
an irreversible inhibitor of the enzyme, exhibits irreversible inhibition of 
transport. 

Van der Kloot (10) has presented evidence that the sodium pump in frog 
muscle requires cholinesterase activity. He measured the equilibrium intra- 
cellular sodium concentration and the residual cholinesterase activity of frog 
sartorii which had been bathed in graded concentrations of physostigmine 
eserine, a cholinesterase inhibitor capable of penetrating into the muscle 
fibre. It was found that the equilibrium intracellular sodium concentration 
paralleled the degree of cholinesterase inhibition, the 50 per cent values 
both falling at about 10~* m physostigmine. 

Despite the occurrence of high cholinesterase activities in tissues in which 
active sodium transport is observed to occur, and the striking effects of cho- 


* Supported by grants from the National Science Foundation and the United States 
Public Health Service, administered by B. T. Scheer. These results form a part of a 
thesis submitted to the Graduate School, University of Oregon, in partial fulfillment 
of the requirements for the Ph.D. degree. 

t Address after September 1, 1958: Department of Zoology, University of Missouri, 
Columbia, Missouri. 
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linesterase inhibitors referred to above, a literature search revealed only two 
references to cholinesterase in frog skin. Duveau and Gerebtzoff (3) report 
that they were unable to demonstrate cholinesterase in this tissue using a 
histochemical technique, while Ussing (9) states that it is “‘well known” that 
frog skin contains large amounts of specific acetylcholinesterase. No reference 
is made to experimental work. 

The dela subcutanea is a cellular layer which constitutes the internal surface 
of the dermis (5). Fleming (4) has found that skins from which this layer has 
been removed by dissection no longer actively transport sodium ions. The 
permeability of such skins to both Nat and Kt* is markedly increased. 


METHODS 


Two methods were used to assay cholinesterase. The Warburg method of Ammon 
was used on pooled tissues in those experiments in which substrate specificity and sub- 
strate concentration dependence of activity were studied. Two modifications were 
made in this method. As is well known, choline esters are very deliquescent. Even in 
the crystalline state, brief exposure to air results in the uptake of considerable amounts 
of water and the subsequent hydrolysis of the ester. In solution spontaneous hydrol- 
ysis continuously produces free acid and free choline. The substrate preparations 
used in assay, therefore, almost always are more acid than the bicarbonate-carbonic 
acid buffer, and since the method depends on shifts in this buffer, tipping in of the 
substrate usually gives some apparent hydrolysis. In the Ammon method this error is 
minimized by adding a small volume of enzyme solution from the side arm to a larger 
volume of substrate in the main chamber. Working with whole tissue, however, this is 
not possible. Accordingly, after gassing and equilibration, usually 30 minutes in these 
experiments, stop-cocks were opened, substrate tipped in, manometers adjusted to the 
zero setting (150 mm.), and stop-cocks closed. The maximum time elapsed between 
addition of substrate and closing of stop-cocks was 2 minutes. Half molar substrate 
solutions were prepared fresh every 2 or 3 weeks, and concentrations used in assay 
were prepared by serial dilution of this solution for each run. Warburg assays were 
performed at pH 8.0 and 36.2°C. 

For the assay of individual skins, the Warburg method is not suitable because of the 
large amounts of skin required. For this reason a modification of Hestrin’s hydrox- 
amate method (Hestrin (6), Bonting (2)) was used. This method is capable of assaying 
activities in as little as 15 mg. of tela subcutanea, or 125 mg. of whole skin. 


Reagents: 


Buffer —1.03 gm. per cent sodium barbital, 1.06 gm. per cent Na2COs;, 0.95 volume 
per cent concentrated HCl (sp.gr. = 1.19), 1.09 gm. per cent MgSO,-7H,0O, and 
0.2 gm. per cent KCl. pH is adjusted to 8.0 with concentrated HCl. 

Hydroxylamine Solution —Equal volumes of 28 per cent NaOH and 14 per cent 
NH,OH-HCI are mixed immediately before use. 

Color Reagent.—2.25 gm. per cent FeCl;-6H,0, 3.6 vol. per cent conc. HCl. 

Substrate Solutions —These were made up at 12 X 107? mand 8 X 10-* m in barbital 
buffer. Fresh solutions were prepared every other week. 
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About 50 mg. tela subcutanea or 200 mg. residue (tissue remaining after removal of 
tela subcutanea) was incubated in 0.5 ml. buffer in a Dubnoff shaking metabolic 
incubator at 37°C. for about 15 minutes to insure temperature equilibration. To each 
tube was added 0.5 ml. of substrate solution or buffer (controls). Substrate controls 
were run at both substrate concentrations as well. The tubes were stoppered with 
waxed cork stoppers. After 1 hour, 0.5 ml. aliquots were taken from those tubes con- 
taining 6 X 10 m substrate concentration, while 0.05 ml. was removed from those 
containing 4 X 10~* m. The latter transfer was performed with a 50 ul. micropipette, 
and these aliquots were added to tubes containing 0.45 ml. buffer. Immediately, 0.5 
ml. of the alkaline hydroxylamine solution was added to each tube and the rack 
vigorously shaken. Color was then developed by the addition of 4 ml. of the ferric ion 
solution. The contents were mixed by inversion and transferred to colorimeter tubes. 
The color density was read in a Klett colorimeter with a No. 50 filter within 1 hour, 


TABLE I 
Concentration Dependence of Cholinesterase Activity 





Substrate concentration (acetylcholine chloride) Activity (ul. COs/mg. N/hbr.) 





107 u 
2X 107? mu 
4X 10? 
8 X 10-*u 








Each value the average of 3 determinations. Ventral skin from 6 frogs used in each run 
(5 substrate concentrations and a control). 


during which time the color was stable. Standards were run in triplicate with each 
series of determinations. The tissue controls never gave a readable color. Hydrolysis 
rates were calculated from the difference between substrate control and experimental 
values. 


Tela subcutanea was isolated by dissection by the method of Fleming (4). 


RESULTS 


For whole skin assays it was necessary to use six skins for each run, usually 
consisting of four substrate concentrations and a control. Frogs were pithed, 
and the unpigmented ventral skin removed and transferred to the buffer 
used for assay. Each skin was then spread out on a piece of filter paper soaked 
in buffer and overlaid with millimeter graph paper. It was then cut up into 
centimeter strips of varying length. These were divided up among the Warburg 
flasks so that approximately the same area of skin from each frog was present 
in each flask. A similar procedure was used when tela subcutanea was assayed, 
though here graph paper could not be used and randomization was not as 
well insured. 

The results of assay on whole skin are shown in Table I. The highest ac- 
tivity occurs at 10-' m AcChC1; however, a small peak is observed at 4 X 10-* a, 
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TABLE II 
Cholinesterase Activity in Isolated Tela Subcutanea 





| Ss 
Substrate Activity (ul. CO:/ 
Substrate concentration mg. N/hr.) 





Acetylcholine chloride 10! m 65 
2X 107m 20 Average of two determina- 
tions 

4X 10° 28 Four and six skins, re- 
spectively 








8 X 10‘ mu 8 


Butyrylcholine chloride 107 u 
2X 10? mu 50 One determination; four 
skins 





4X 10°? mu 0 


Benzoylcholine chloride | 1071 u 
2X 107m OC One determination; four 
skins 





4X 10% 








TABLE III 
Cholinesterase Activity of Individual Skins 





Activity (umoles AcChCl hydrolyzed/gm. wet weight/hr.) 





Tela subcutanea Residue 


6 X 107*u 





4X 10%m 6 X 107 mu 4X 10*mu 





an 


122 — 
211 46.2 
212 44.4 
251 0 

28 37. 
291 25. | 
292 12. 
2131 67. 
2132 85. | 
| 
| 


— 


eee ee 


| 
124 27.2 | 


NN Ue UW 


uO 








Average + S.pD.....:....| 43.3 + 22.3] 13.7 45.7 | 7.24 8.7 | -1.1 41.5 











the optimum substrate concentration of the specific acetylcholinesterase. 
Acetyl 8-methylcholine, an ester which is hydrolyzed only by the specific 
enzyme, is not hydrolyzed by these preparations. 

The results of assay on isolated tela subcutanea are shown in Table II. 
Assays performed using AcChCl as substrate showed that this tissue con- 
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tains more than ten times as much activity as does whole skin. Since only 
about one-tenth of the nitrogen of the skin is found in the tela subcutanea, 
more than 90 per cent of the enzyme is associated with this tissue. The assays 
performed with BuChCl and BzChCl confirm that the enzyme is of the non- 
specific type. 

Table III contains the results of assay on individual skins. In this group 
of experiments assays were performed at two substrate concentrations; 
6 X 10° m and 4 X 10 m. Bergmann (1) has used the ratio of activities 
at these two concentrations as a measure of the relative amounts of non- 
specific and specific enzyme present in various tissues. With one exception 
(No. 251) assays on tela subcutanea reveal the preponderance of the non- 
specific enzyme. The activity of residue (tissue remaining after the removal 
of tela subcutanea) is low and variable at both concentrations; in some cases 
a negative value is found. This is interpreted as representing esterification of 
free choline, which is generally present in these substrate preparations. In 
only one case is greater activity observed in the residue than in the tela sub- 
cutanea at the same concentration (No. 292). 


DISCUSSION AND CONCLUSIONS 


It is apparent from these results that frog skin cholinesterase is largely of 
the non-specific type and that it is to a great extent associated with the tela 
subcutanea. This second consideration is of some importance. Ussing and 
coworkers (9) believe that the active transport mechanism in frog skin is 
located in the stratum germinativum, while Fleming’s results (4) indicate 
that the tela subcutanea is the site of some essential process in the mechanism. 
The action of inhibitors on the transport mechanism in this (Kirschner (8)) 
and other (Van der Kloot (10), Holland and Klein (7)) tissue suggests that 
cholinesterase plays some central role. The experimental observations pre- 
sented in this paper further implicate the tela subcutanea as the site of some 
essential process in the transport mechanism. 


The author takes great pleasure in acknowledging the debt owed to Professor B. T. 
Scheer, under whose direction this work was done. 
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ABSTRACT 


Dynamic equilibrium in a biological system implies that the compartment under 
study does not change in size during the period of observation. In many biological 
systems there are, however, net changes with time and this report deals with the 
mathematical treatment necessary to calculate unequal rates of inflow and outflow. 

A method is presented for the calculation of transfer rates in a two compartment 
system when the rates of flow between these compartments are unequal but con- 
stant. Equations were developed to calculate the amount of material transported 
per unit time derived from measurements of specific activity and compartment 
size. 

The problems of (1) sampling from the pool and (2) the effects of analytical errors 
on the estimation of rate have been evaluated. An example has been presented in 
which the derived equations have been applied to a study of the simultaneous passage 
of sodium into and out of a permanently isolated loop of bowel. 


I 
INTRODUCTION 


The use of isotopes to measure the passage of material through a metabolic 
process or through one or more compartments has become well established 
in the past 10 years. There are two assumptions that are usually part of the 
mathematics necessary for the calculation of this passage. One is that the 
size of the metabolic pool does not change during the period of observation; 
that is to say, that the rate of material entering (inflow) and the rate of its 
leaving the pool (outflow) are equal. The second assumption is that the rates 
are constant during the period of observation. These circumstances have been 
described as the “steady state” or “dynamic equilibrium” (1-3). 

In many biological systems there is a net change with time and, in fact, 
these were the only systems the kinetics of which could be studied prior to the 


* This investigation was supported in part by a research grant (A-311) from the 
National Institute of Arthritis and Metabolic Diseases, Public Health Service. 
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advent of isotopes. The mathematical treatment necessary to calculate unequal 
rates of inflow and outflow has received scant attention (4-7). These systems 
are in a “non-steady state” and, in this report, the term is used to mean that 
the metabolic pool or compartment under study is changing in size with time 
or that rates of inflow and outflow are changing. The non-steady state may be 
one of two types; either (1) the rates of inflow and outflow are unequal but 
constant with time,’ or (2) the rates of inflow and outflow vary with time. 
In the second type of non-steady state, the rates of inflow and outflow in a 
single compartment although changing with time, might maintain a constant 
difference, and in this case the size of the pool would increase or decrease at a 
constant rate. Thus, the observation of a linear change of pool size with time 
does not necessarily mean that the rates of inflow and outflow are constant. 








TIME}; COMPARTMENT I|COMPARTMENT II 





AMOUNT OF MATERIAL 
(LABELLED PLUS UNLABELLED) 0 


SPECIFIC ACTIVITY Oa 
EXCHANGE FROM I TO II 
EXCHANGE FROM II TO I —,— 

AMOUNT OF MATERIAL A=Ao+(A-a)t | B=Bo+(a-A)t 

SPECIFIC ACTIVITY rN 65 



































sae" 
+, ed 


EXCHANGE OF MATERIAL 








—O,% At—> 
+O_,hA4t— 


EXCHANGE OF TRACER 


























Fic. 1. Notations used in mathematical formulations. 


As a corollary, a metabolic pool which remains constant in size with time 
does not necessarily mean constant rates of inflow and outflow as these rates 
may vary with time but remain equal to each other. The second type of non- 
steady state presents many alternatives and is not considered further. This 
report describes a method for the calculation of inflow and outflow from tracer 
data in a non-steady state system of the first type. - 


1To call attention to the differences in terminology, in Hart’s classification (7) 
this first type of non-steady state is labelled Steady state, class 2. 

? There are many ways in which rates of inflow and outflow may change with time. 
One of many possibilities is that the transfer rates may proceed as exponential func- 
tions of time. In this trivial case of the non-steady state, a rate of flow of material 
(labelled plus unlabelled) which itself proceeds as an exponential function of time 
should not be confused with the “rate constant”’ of steady state kinetics. In the steady 
state the rate constant describes again an exponential function but it describes the 
fraction of total tracer which enters or leaves the pool per unit of time, while the 
inflow and outflow are themselves constant and equal. 
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II 
Theoretical Treatment 


As a model, a closed two compartment system in which the rates of flow 
between the compartments were unequal but constant was selected. Equations 
were developed to calculate from tracer measurements the absolute amount 
of material entering and leaving each compartment per unit of time. The as- 
sumptions necessary to develop these equations are (1) there is complete and 
instantaneous mixing in either compartment and (2) the metabolic process or 
transport mechanism does not fractionate the isotopes. The condition of equal 
rates of exchange (the steady state) is treated as a special case. 

The following notations are introduced (Fig. 1): A represents the amount 
of material (labelled plus unlabelled) in compartment I, B represents the 
amount of material in compartment II, @4 represents the specific activity (the 
ratio of labelled material to labelled plus unlabelled material) of the material 
in compartment I, @z represents the specific activity in compartment II, a is 
the rate of passage of material from compartment I to compartment IT (amount 
per unit time), 6 is the rate of passage of material from II to I, ¢ represents 
time. 

The initial conditions at ¢ = 0 are 


A = Ag (1 a) 

B = Bo (1 d) 

94 = Bay (1 ¢) 

62 = 62, (1 d) 

The mass of material (labelled plus unlabelled) in compartment I at time ¢ is 
A = Ao + (8 — ade. (2) 


The mass of tracer in compartment I at time ¢ is @4[Ao + (8 — a)é]. The mass 
of material at time ¢ + At is Ao + (8 — a)(t + At). The mass of tracer at ¢ + Af 
becomes 64[Ao + (8 — a)t] + O82 BAt — 04 aAt. The specific activity in com- 
partment I at ¢-+ Af is (04 + A@.) and equal to 


64{Ao + (8 — a)i] + Op 8At — 6, aA! 
Ao + (8 — a)(t + Ad) : 





which may be rearranged to 


AG, B(Oz — 84) 


At Ao+(@—at+ di)’ 





For At —> 0, 


64 i —B(O4 > Oz) 
dt Ao+(B-—alt™ 
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Similarly for compartment II, 


dy al, — Oz) 
dt Byt+(a— pt 
Equation (5) is subtracted from (4) to yield 


d(O4 - 63) “s B at a ad 
(84) — Px) Ao+(B—alt Bot+(a— Byte 
Equation (6) may be integrated to yield 


64 — Os B in a on 
O45 — Ox, a—B Ao a-—-B Bo 








In 


With equation (2), equation (7) may be rearranged to 


in 74 — 9%) B 
am A 7 Ao (O45 = O35) Bo 
t B A 


In— —- ln — 
Bo 





B 


(04 — Oz) B 

In ————- + h — 

SPP omer Bo 
t B A 


In — —ln— 
Bo 





—1 (9) 


The condition a ¥ 8 is necessary for the solution of equation (7). For the special 
case in which a = 8 the differential equation has the form 


d(64 — Oz) B Qa 
————— gp | —— hom Id 10 
i ae kane (10) 


the solution of which is 
04 — Os Ba 
In Ba, pa Ox = |-E+ 5, |! 


64 — 9 
Bay aa Oz, 


Ago Bo 


Equations (8) and (9) have general application to the non-steady state in 
which rates of flow between two compartments are unequal but constant with 
time. Equation (12) applies to the special case in which rates of flow between 
compartments are equal. Transfer rates (a and 8) are in terms of amount of 


—In 


a ene ge ce LILLE LOL ELE LDS II ET 


EE Ne PN ST ET TEE FUE ME Oe 
" . 
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material per unit time and are determined from measurements of specific 
activity (@4, 8s) and compartment size (A, B). 


Itt 
DISCUSSION 


The need for calculation of transfer rates in a system not in dynamic equi- 
librium arose in experiments in which the object was to measure the simul- 
taneous passage of sodium into and out of an isolated loop of bowel in the dog. 
A blind end Thiry fistula was prepared and the continuity of the bowel re- 
established (8, 9). In a pair of experiments on the ileum radiosodium was 
first placed in the lumen of the bowel and in the second experiment it was ad- 
ministered intravenously. In both these experiments there was little change 
in the amount of sodium in the lumen and the rate of fall of specific activity 
with radiosodium placed in the lumen approximated the rate of rise of specific 
activity with radiosodium administered intravenously (Fig. 2). When the same 
pair of experiments was repeated on a loop of colon, the fall in specific activity 
in the lumen again approximated the rate of rise (Fig. 3), albeit in this pair 
of experiments there was a decrease in the total amount of sodium in the colonic 
lumen and flow out from the lumen had to be faster than flow into the lumen. 
This seeming discrepancy was the stimulus for the development of the pre- 
ceding equations. 

When radiosodium is administered intravenously, the rise in specific activity 
in the bowel lumen reflects .aze entry of radiosodium and sodium into the 
lumen. If, when radiosodium is placed in the bowel lumen, radiosodium and 
sodium leave in the same ratio that exists in the lumen, their outflow per se 
does not alter the specific activity of the sodium remaining in the bowel lumen. 
If the specific activity of sodium in the bowel lumen does decrease, it is be- 
cause sodium has entered to reduce the existing ratio of radiosodium to sodium. 
Thus whether radiosodium is administered intravenously or placed in the 
bowel, either a rise or fall of specific activity of sodium in the bowel lumen 
reflects only the inflow of sodium and is not related to outflow (except for 
correction for the net change, vide infra). 

Mathematical confirmation of these observations was developed from equa- 
tion (7). Compartment I is considered the sodium in the bowel lumen, compart- 
ment IT the extraluminal sodium spaces of the dog in exchange with the lumen 
and B/By) = 1. When B/By = 1 equation (7) can be considered to describe 
inflow and outflow in a single compartment. If equation (7) is now expanded 
in the form of a power series, the effect of inflow on specific activity may be 
distinguished from that of outflow. Substituting for A from equation (2), the 
first three terms of the expanded form are 


64 — Os i _ Bt, BG - a? Be — a)*# 
Bay — On, Ao 245 345 





In (13) 
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. 
a 


qd. 
PLOT sat, 


20 40 
TIME IN MINUTES 


Fic. 2. A modified Ringer’s solution containing radiosodium (Na™) was placed 
in a loop of ileum and samples were removed at intervals. The decrease in specific 
activity was measured and plotted on a log scale against time, assigning a value of 
one to the first sample (open circles) (in the notations of Fig. 1 64/04, plotted against 
t). For the second experiment, the loop was cleansed and radiosodium administered 
intravenously. When plasma specific activity became constant, the loop was cleansed 
again, fresh Ringer’s solution (without radioactivity) was placed in it, and the rise 
of specific activity measured with time. In order to compare the rate of rise of specific 
activity in the second experiment with the rate of fall in the first experiment, the 
rate of rise has been plotted as one minus the ratio of “bowel” specific activity to 
“plasma” specific activity (solid circles) (in the notations in Fig. 1, 1 — 04/65 
plotted against ¢). Inulin or methyl cellulose was included in the Ringer’s solution 
and from measurement of inulin (or methyl cellulose) and sodium concentrations, 
the total amount of sodium in the lumen could be estimated. 
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(in this form the condition 8 = a is no longer a special case). In a single com- 
partment in the non-steady state, the second and subsequent terms of the 
right side of equation (13) may be considered a correction for the net change 
(8 — a). Except for this correction for the net change, either a rise or fall in 
specific activity is the result of inflow (8). In a single compartment in the steady 
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Fic. 3. The fall and rise in specific activity are compared in a pair of experiments 
on the colon, identical with the pair of experiments described for the ileum (Fig. 2). 


state in which rates of inflow and outflow are equal (8 = a) the second and 
subsequent terms of the power series are indeterminate and only the first 
term applies. Although in the derivation of equation (13) no assumptions were 
made as to whether specific activity varied as inflow or outflow, equation (13) 
indicates that either a rise or fall in specific activity in a single compartment 
in the steady state is purely the result of inflow into that compartment. 

There are two points to be made. (1) Changes in specific activity are to be 
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distinguished from changes in total mass of tracer in the pool,’ as outflow of 
material from the labelled poo! per se clearly decreases the total mass of tracer 
but does not alter the ratio of tracer to non-labelled material. Therefore care 
must be taken in relating a change in the total mass of radioactivity to a change 
in specific activity. (2) When inflow and outflow are equal (observations on the 
ileum, Fig. 2), it makes no difference mathematically whether a change in 
specific activity is considered inflow or outflow, but caution must be exercised 
in interpreting a fall in specific activity as outflow. In a study concerned with 
the formation and degradation of a compound, a falling specific activity does 
not reflect degradation, but reflects the incorporation of unlabelled components 
into the compound. 


IV 
An Experimental Application of the Derived Equations 

The conditions and assumptions for the calculations of inflow and outflow 
in a two compartment system may of course be modified to conform to par- 
ticular experimental circumstances of the non-steady state. What follows is a 
physiological study which illustrates the application of the equations to the 
measurement of the simultaneous passage of sodium into and out of an isolated 
loop of bowel. 

It was first necessary to decide whether the inflow and outflow were con- 
stant (or a function of time) during the period of observation. The net change 
of sodium in the bowel with time furnished a partial answer. Inulin was used 
to follow the volume of fluid in the bowel and the amount of sodium in the 
bowel was calculated from the known amount of inulin in the bowel, and 
from measurements of the inulin and sodium concentrations (Table I).* When 
the amount of sodium in the bowel was plotted on (1) an arithmetic scale and 


* Visscher in 1944 conducted experiments similar to those described above (9). 
In his calculations he used the decrease in the total number of labelled ions as a 
measure of the rate out of the bowel. By dividing the total number of labelled ions 
lost by the mean specific activity he arrives at a measure of the outflow of sodium 
from the bowel lumen. The difficulty, however, lies in estimating the mean specific 
activity. Visscher used the arithmetic mean whereas the correct mean is a func- 
tion of (1) the integral of the change in specific activity and (2) the effects of the net 
change. With relatively small changes in specific activity, up to 40 per cent, there 
is little difference between the arithmetic and correct means. With larger changes 
in specific activity, the arithmetic mean overestimates the correct mean at a rap- 
idly increasing rate. 

4 After December, 1952, methyl cellulose was substituted for inulin as it was found 
that in some of the experiments inulin was degraded by the bowel contents. Methyl 
cellulose was found to be stable for as long as 3 years in bowel samplings kept at 
room temperature. 
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(2) a logarithmic scale against time, the slope of these values did not definitely 
establish either an arithmetic or logarithmic process as the total change was 
relatively small in relation to the accuracy of the analytical procedures (Fig. 4, 
open circles). However following the administration of desoxycorticosterone 
there was a rapid net decrease in the amount of sodium in the bowel, and in 
this instance when the net change was plotted against time the progression was 
an arithmetic one over a fourfold decrease in the amount of sodium in the 
bowel (Fig. 4, half-solid circles). The experiment was repeated again 24 hours 
after a second dose of desoxycorticosterone (Fig. 4, solid circles). 


TABLE I 


Calculation of the Amount of Sodium in the Bowel from Sample Analyses 
Dog SKP, October 15, 1952 





Inulin : Sodium Sodium . Relative 
Sample Residual Total : Sodium 
: concen- | “:~); Volume | concen- : reviousl j | amounts of 
— tration inulin tration = Ganeved’ | correct sodium 





gm. mg./ml. mg. . peg./ml. meg. peg. peg. 
0.454 | 4.18 | 100.0 . 140.0 | 3349 0 3349 1.000 
0.371 | 4.21 98.1 ' 140.0 | 3262 64 3326 0.993 
0.457 | 4.64 96.5 ‘ 139.1 2894 115 3010 0.899 
0.523 | 4.78 94.4 . 138.0 | 2725 179 2904 0.867 
0.447 | 5.15 91.9 y 137.5 | 2454 251 2705 0.808 
12.680 | 5.52 89.6 . 124.2 | 2016 313 2328 0.695 
































The amount of inulin in the bowel is calculated from that originally placed in it less that 
lost in sampling. Sodium corrected is the amount of sodium that would have been in the 
bowel had there been no sampling (the sodium previously removed in sampling is added 
to the actual amount in the bowel). Relative amounts of sodium is the corrected sodium 
expressed as a proportion of the sodium present at zero time. Relative amounts of sodium 
are plotted on both an arithmetic and logarithmic scale against time (Fig. 4, open circles). 


These data are consistent with the interpretation that the net change was 
an arithmetic constant over the period of observation and independent of 
the amount of sodium or the volume of fluid in the bowel within the range of 
values observed. (Obviously, when the sodium in the lumen is completely re- 
sorbed there must be a shift in transfer rates.) The possibility remains that the 
rates in and out may be increasing or decreasing while maintaining a constant 
difference, but if this were the case experimental data from consecutive sam- 
plings would quickly reveal this possibility when substituted in equations (8) 
and (9). Observations of this type and the subsequent calculation of flow rates 
in many experiments over a 5 year period form the evidence for the assump- 
tion that the rates of inflow and outflow are constant within the period of 
observation. 

In the present experiments the sodium outside the loop of bowel is of the 
order of 400 to 800 m.eq. and the sodium in the bowel lumen is of the order 
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of 1 to 3 m.eq. Thus when corapartment I is the bowel lumen and compart- 
ment II is the extraluminal exchangeable sodium of the dog, B/Bo can be 
considered unity and equations (7), (8), and (9) may be simplified to 


(14) 
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Fic. 4. Three experiments have been conducted on successive days on the same 
loop of colon, a control observation and two observations 24 hours after an intra- 
muscular dose of 2 mg. per kg. of desoxycorticosterone acetate in oil. The decrease 
in sodium in the bowel in each of these experiments has been plotted on both a 
logarithmic and arithmetic scale against time. The sodium in each experiment is 
plotted as the Relative amount of sodium as illustrated for the control experiment 
(Table I). 





B 


_ A- si ha (04 -_ O)/(O 4, — ad (15) 


t —In A/Ao 





and (16) 


A- “(* (04 — @s)/(O4, — Ox,)I | 
a= —1]. 


i —In A/Ao 


For the special case in which a = 8, a has a value of 0.03 to 0.15 m.eq. per 
minute (10) and with a value of 400 to 800 m.eq. for Bo, a/Bo = 0 and equa- 
tions (11) and (12) may be modified to 
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64 > Op By 
In —~—* = —-— 
7 Gee > Mi Ag = 
and 
Ao 
B =a= — 3 In ((O4 aa 95) /(O 40 . 9s,)] (18) 


When B/B, = 1, complete mixing in compartment II need not be assumed 
and the assumption of complete and instantaneous mixing need be made only 
for compartment I.° 

Sampling needs to be considered in arriving at values for inflow and out- 
flow. When methyl cellulose is used to follow the volume of fluid in the lumen, 
it may be shown (Appendix) that 


In [0% — 03)/(@4, — 92,)) 





6 = ae _ in DNal"/iMcl” (22) 
[Na]i/[MC}; 
and 
po In ((6% — 03)/(@4, — 92,)] 








a= [Na]"/[MC]” -1 


aati ; (23) 
[Na]i/(MCh; 


in which @4,, [Na]:, and [MC], are respectively the specific activity, sodium 
concentration, and methyl cellulose concentration in the first sample, and 
64", [Na]", and [MC]" are their values at any subsequent sampling ixom the 
bowel lumen. @s, and @," are respectively the plasma specific activities at the 
first and subsequent sampling.® A is calculated as illustrated by Sodium cor- 
rected (Table I). A representative experiment on the colon illustrating the 
application of equations (22) and (23) is presented in Table II. 

Thus, with measurements of specific activity, sodium concentration, and 
methyl cellulose concentration, equations (22) and (23) permit calculation of 


5 In practice, the contents of the lumen are churned by the bowel and at the time 
of sampling the entire contents are removed, quickly mixed in a syringe, a sample 
taken, and the contents returned. 

*@,, and 63 may be neglected in equations (22), (23), and (24) in which radio- 
sodium is placed in the lumen (as opposed to intravenous administration), where 
inflow is relatively slow and where the period of observation is relatively short (under 
1 hour). In such experiments the measured plasma specific activity is quite small 
compared to the specific activity of the sodium in the bowel lumen (64 > 63). In 
experiments in which inflow is relatively rapid and the period of observation of long 
duration when 6, falls to a value which is an appreciable approach towards @z, it 
is necessary to account for plasma specific activity. 
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the simultaneous flow of sodium (and with proper substitutions other ions or 
molecules) into and out of an isolated loop of bowel. 


TABLE II 


Measurement of Sodium Exchange across the Colon 
Sample Experiment: Dog SKP, February 25, 1953 





Analytical data | Derived data 





to O4"§ 
Ai 


in [Nal"/IMC}” 
[Nah/[MCh 


At 








gm. ‘4 peg./ml. .| peg. | peeg./min. 


0.924) 60.87 | 153.2 3358 
.3/0.932) 52.50 | 149.7 3106, —30.4 
1.131) 44.98 | 149.0 2835| —28.3 
1.243) 37.55 | 145.8 2565} —27.8 
61.181) 31.56 | 142.7 2386| —27.3 
414.318) 25.41 | 134.9 2232| —26.6 


Mean 






































* 80 mg. methyl cellulose in bowel to start. 
} A, corrected for sample removal as in Table I. 
§ In terms of equations (22) and (23). 


APE ENDIX 


Problem of Sampling 


Sampling needs to be considered in arriving at values for inflow and outflow in 
equations (8) and (9) as these equations presume the labelled pool to be left undis- 
turbed. With the removal of a sample and with a smaller labelled pool as a result, 
there is a more rapid fall (or rise) in specific activity with a constant inflow than 
would have been the case had no sample been removed. In order to compute inflow 
and outflow, the theoretical variables (A and 6) in equations (8) and (9) are deter- 
mined from actual measurements through corrections. It turns out, however, that 
for mathematical reasons these corrections can be greatly simplified. 

For clarity, the problem of sampling is dealt with in terms of the experiment on 
the bowel in which the removal of 0.5 to 1 ml. samples appreciably alters the size of 
the labelled pool (A) which usually starts at 20 ml. and may increase or decrease. 

The following notations are introduced in Table III, A of equations (8) and (9) 
is to be distinguished from Na,. A is the amount of sodium in the pool had there 
been no sampling. Na, is the actual amount of sodium in the pool immediately after 
the nm“ sampling and, therefore, partially determined by the (» — 1) previous sam- 





EUGENE Y. BERGER AND J. MURRAY STEELE 1147 


plings. Similar remarks apply to 6,, MC,, and [MC],. Na* is the amount of sodium 
at the end of the m period, etc. 

From equation (14), with the notation introduced in Table IIT: 
for the first period 





(6, — 64) B Na! 
In = .—, 
(04, -—03,) a—-B Na 


TABLE III 
Sampling Notations 





End Begin 
first second | cane | 


© © | Begin | End | 
. o- 

period 5 period om 5 | 
” 


ath ath 
period | period 





} 
| 
| bh | a 





Bowel contents 





Sample size, ml... . : S: 
Specific activity, c.P.m. / 
Oar | 04 04, | 0% 
Amount of sodium, peg... .. Na! Nas Na? 
Concentration of sodium, 

peq./ml... ; [Na]! {Na]z | [Na]? 
Amount of methyl cellu- 

lose, mg... .. MC! MC: MC? 
Concentration of methyl 

cellulose, mg./ml. (Mcr| | [MCh | {MC}? 
































—— activity, c.P.m./ 

















for the second period 


(62, — 63) B 


] = 
"On=-t} a-b Yar’ 





for the n™ period 


(02 — 93) B Na” 


ee “a—B ” Nas’ 





From the beginning of the ist period to the end of the n™ period, 





in 84 — 9s) (2-65) (03 — 05) B_ Nal Nat Na" 
(Oa, = Oz, ) (O42 = Oz ) a (64, > i eS = B Nai Nao’ a7 








1148 CALCULATION OF TRANSFER RATES 


in which sodium is measured as follows:— 
MCo — Si[MC}; 
[MC]; 
MCop — Sil[MCh 
Na! = . 
, (Mc}! 
_ MCo — Si[MChi — SolMCl}e 
[MCle 
7 MCo — Si[MC], — SolMCle 
Na* = ; 
[MC] 
MCo — Si[MChi — Sel[MC}e. .. —SalMCla 
[MC], 


MCo — SilMChi — SolMCle... —SalMCln 
(MC]" 


- [Nah, 





Na, = 


[Na]’, 








Nag - [Nalo, 


- [Na}? 








Nan - (Nala, 


- [Na]"; 





Na” 
in which 
[MC]! = [MCl]o, [MC]** = [MC], [Na]' = [Nale, [Na]"“ = [Nal]a; 


and in which 
(0!, — 04) = (@4, — Os,) and (6%~' — 03-") = (04, — Oz,). 


Equation (20) may be reduced to 








2 (0% — 63) B tn [Na]"/[MC]" 
(04, —98,) a@—B [Nah/[MCh’ 


1 





T , (02 = 65) 
»_A—Ao| "Gas — On) 


p i P ee | 
| [Nah/IMCh 
Ty, 4 — 95) 
A-dsl ~ On, ~ OD 
we (Na]"/(MC]" 
[| ~ [Nah/IMCh 


(23) 





a 





which are in terms of measurable quantities. (A — Ao)/t is corrected for sampling 
as illustrated by Sodium corrected (Table I). 
For the special case a = 8 and Na; = Na!, Naz = Na’, etc., sampling may be 
corrected for by the equation 
(0% — 63) 


es 
" Oa, — Op;) 





B=a 
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Equation (24) is developed from equation (17) in a manner similar to the develop- 
ment of equations (22) and (23) from equation (14). Nai, Naz... Na, may be cal- 
culated in a manner similar to Total sodium (Table I‘). 


Effect of Analytical Errors on Estimation of Rate 


With these involved formulations, the question naturally arises as to the effects 
of technical and analytical errors on the calculated values of 8 and a. If the logarithm 
of each side of the basic equations (8) and (9) is taken and each side is then differ- 
entiated with respect to 0, A, and ¢ (11), the following equations are obtained 


1 Ab, 
64 — Op in 04 — Os 





(25 a) 


Ab. 
04 — Os 




















(25 e) 


da a es 
a t 

In equation (25 a) a 2 per cent error in the measurement of specific activity would 

affect 8 by a factor of 





The order of magnitude of these coefficients may be seen in Table IV where they 
have been calculated for two hypothetical experiments, one in which 8 = 35,a = 60, 
the other in which 8 = 105, a = 100; in both experiments Ao = 2800 and 1 ml. sam- 
ples were removed every 10 minutes. In Table IV, a 2 per cent error in the estimate 
of the specific activity of the 10 minute sample of the first experiment would effect 
a (2 X 7.64) or 15 per cent error in 8. Under the circumstances when the estimates 
of A from concentrations of methyl cellulose and sodium vary within analytical 
errors among successive periods, 8 = a, equation (24) gives a better estimate of 8 
and @ than equations (22) or (23). 

In large part these errors expressed precisely in equations (25 a) to (25 f) reflect 
the fact that the estimate of rate may in some time intervals depend upon a small 
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difference between two large numbers, each of which is subject to analytical errors 
((@4 — 04,), (A — Ao)]. Thus, more rapid transfers, smaller pools, and longer time 
intervals all tend to minimize errors (Table IV). 


TABLE IV 


Error in Estimation of Rate Relative to Error in Measurement of Specific Activity, 0; 
or Amount of Sodium in Pouch, A 


Ao = 2800 peq. 6= 1.0 





‘ : ‘ : 
Error in B versus | Error in @ versus Error in 8 versus Error in @ versus 
error in error in 0 error in A error in A 





B = 35 weq./min. @ = 60 weq./min. 





—4.46 +0.49 —3.96 
—2.05 +0.32 —1.73 
—1.24 +0.25 —0.99 
—0.83 +0.19 —0.64 
| —0.57 +0.14 —0.44 
| 


| 
| 
| 





—0.39 +0.06 —0.32 











8 = 105 peq./min. a = 100 weq./min. 





—2.69 | —2.82 +0.50 —2.32 


—1.32 —1.39 +1.21 —0.18 
—0.87 | —0.91 +1.50 +0.59 
—0.64 —0.67 +1.57 +0.90 
—0.50 | —0.53 +1.64 +1.12 
—0.41 —0.43 +1.70 +1.26 














(Sodium concentration in bowel maintained at 140 m.eq. per liter.) 
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The authors are deeply indebted to Dr. John van Heijenoort of the Department of 
Mathematics of New York University for his advice in the computation of the mathe- 
matical formulations and for his quinquennial patience through the numerous revi- 
sions which are made in order to have the mathematics describe the physiology as 
accurately as possible. 

The authors wish to thank Dr. James S. Robertson of the Medical Department 
of Brookhaven National Laboratory for his review of an earlier draft of this manu- 
script. Dr. Robertson suggested an alternate way to arrive at equation (4) instead 
of that which the authors have presented, and with his permission we would like to 
repeat it here. In the notations used in this report, 


dA 


37 ~atB (D 


A = Ag — at + Bi 
d(A6 4) 
dt 


= —ab, + BOs 


dO 4 


aA 
AT thus —064 + BOs 


Multiplying all terms in Equation I by 64 


dA 
er = —a0, + BO, 


Subtracting IV from III a 


d6 
A—* = BOs — BO. 


With Equation II and rearranging 


dO 4 ™ —B(O4 — On) 
di Ao + (g — api 
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ABSTRACT 


The calculated freezing point depression of freshly excised boiled mammalian tissue 
is approximately the same as that of plasma. The boiling procedure was chosen to 
eliminate the influence of metabolism on the level of the freezing point depression. 
Problems created by the boiling, such as equilibrium between tissue and diluent, 
change in activity coefficient by dilution, and loss of CO, content, are discussed. 

A frozen crushed tissue homogenate is hypertonic to plasma. Boiling and dilution 
of such hypertonic homogenate exposed to room temperature for 5 to 15 minutes did 
not produce significant or unexplicable decreases in its osmotic activity. Moreover, 
freezing and crushing of a boiled diluted tissue did not produce any increase of the 
isoosmotic level of freezing point depression. 

It is possible to explain these data either with the hypothesis of hypertonic cell 
fluid or with that of isotonic cell fluid. In the case of an assumed isotonic cell fluid, data 
can be explained with one assumption, experimentally backed. In the case of an as- 
sumed hypertonic theory data can be explained only with the help of at least three 
ad hoc postulates. The data support the validity of the classical concept which holds 
that cell fluid is isotonic to extracellular fluid. 


INTRODUCTION 


Data to be reported show that the freezing point depression of boiled mam- 
malian tissue is approximately the same as that of plasma. This finding has 
to be reconciled with that of our previous report (1) showing that the freezing 
point depression of frozen tissues, pulverized in a hydraulic press or in a mor- 
tar, was greater than that of plasma. 


* Supported in part by research grant A-461-C5 and from the National Institute 
of Health, Public Health Service, and in part by the Medical Research and Develop- 
ment Board, Office of the Surgeon General, Department of the Army, Contract DA- 
49-997-MD-481, and in part by a grant from the Kentucky Medical Research Commis- 
sion. 

t This work was done during the tenure of an Established Investigatorship of the 
American Heart Association. 
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On the basis of the available data in the literature, the basic question of 
whether or not cell fluid is isotonic to its surroundings has been approached 
only indirectly even with cryoscopic measurements. Those who claim that 
cell fluids are hypertonic, suggested that their measurements of freezing point 
depression or of melting point were truly direct measurements of the tissue 
osmotic activity (2, 3). On the other hand, those who claim that cell fluids 
are isotonic, suggested that measurements of the freezing point depression 
were indirect and spuriously high because of experimental conditions. There- 
fore, such data were ambiguous with respect to answering the basic question 
of whether cell fluid is isotonic to interstitial fluid (1, 4, 5). 

Data on tissue swelling (6-18) cannot be considered as direct measurements 
of cell osmolarity, particularly in view of data showing that swelling or shrink- 
ing phenomena are associated with movement of water and solute rather than 
with movement of water alone (19-28). 

If cell fluid were isotonic, the problem would be to determine whether tissue 
homogenates become hypertonic because of physicochemical changes induced 
during their preparation or because of metabolic processes active even at 0°C. 
If cell fluid were hypertonic, the problem would be to determine the precise 
nature of the water transport (1). 


Purpose 


Since autolytic or metabolic action could contribute to the hypertonicity 


of frozen-crushed homogenates, we searched for a technique that could stop 
metabolism immediately after excision of the tissue. Elimination of one of 
the possible interfering factors would permit a determination of the osmotic 
activity of non-metabolizing tissues. Sudden heating to the temperature of 
boiling water was chosen as the method of stopping tissue metabolism. Ob- 
viously, such treatment would produce physicochemical changes in tissue 
proteins different from those produced by the freezing-crushing method. 


Boiling of tissue had been performed in 1901 by Sabbatani (29), who found that 
brain and liver, excised from a dead animal were hypertonic to serum, both before and 
after heating the tissue in a boiling water bath. However, objections to these data were: 
(1) removal of tissues after the death of the animal; and (2) the time interval between 
the removal of tissue and the determinations of the freezing point depression was from 
2 to 60 or more minutes, while tissue was kept at room temperature. It appeared that 
the two reported values were hardly adequate as estimates of the freezing point 
depression of boiled tissues. 


The approach of the present experiments was to measure the freezing point 
depression of freshly excised tissue subjected to sudden heat by immersion in 
boiling water. Assuming that diffusion equilibrium between tissue and am- 
bient water was attained, one would be justified in calculating the freezing 
point depression of the undiluted fresh tissue. 
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Methods 


Pieces of liver and kidney! were removed without hemostasis from nembutalized 
dogs. Two separate procedures, designated A and B, were used. 

A. Five to ten bits of tissue, weighing 100 to 200 mg. each, were transferred quickly 
one by one into tared beakers (15 ml. capacity) filled with boiling water. The beakers 
with boiling water and tissue bits were kept in a surrounding boiling water bath for 
30 to 60 minutes during which time the temperature in the beakers averaged 95-98°C. 
Care was taken to keep the tissue completely immersed in the water. After boiling, 
the beakers with tissue and water were cooled, weighed, and the freezing point depres- 
sion determined on the supernatant. Then the aliquot of supernatant was returned 
quantitatively to the original beaker containing the tissue bits and placed in a drying 
oven at 105° for 24 hours. After the heat drying procedure, the beakers with dried 
tissue were weighed, thereby providing a measure of dry tissue in the original boiled 
sample. Whole tissue weight and tissue water were calculated from four to six deter- 
minations of dry weight on separate specimens of the same tissue removed from the 
same dog at the beginning of the experiment. 

B. In later experiments, the small pieces of tissue were transferred quickly into tared 
dry beakers and weighed accurately on a Sartorius balance, a procedure taking less 
than a minute. Then boiling water was poured on the tissue, the beaker and its con- 
tents were transferred to the boiling water bath, and heated for 30 to 60 minutes. No 
significant difference was observed in data obtained with the two procedures, suggest- 
ing that no breakdown of organic material occurred in the intact tissue in the first 
1 to 2 minutes after removal from the animal. 


Knowing the weight of the whole tissue and the weight of the added water, 
as well as the dry weight of the tissue (determined from separate aliquots of 
the same tissue of the same dog), we were able to determine the dilution fac- 
tor, from which the osmotic activity of the undiluted tissue could be esti- 
mated. The furmula employed was: 


Oriane = we mer met ox [Oovel , (t) 
Tx.0 
in which Orissue is the calculated tissue osmotic activity, Oobs., the observed 
osmotic activity of tissue plus added water, Dy,o, the weight of the added 
water, and 74,0, the weight of the tissue water determined by dry weight 
measurement. Obviously, this equation ignores the changes of activity co- 
efficient with dilution. This factor will be considered in detail subsequently. 
Each observation was the result of six replicate determinations made on a 
given tissue. Serum osmotic activity was determined on fresh serum of the 
same dogs by direct measurement of the freezing point depression. Values for 
freezing point depression were expressed in milliosmols per liter with the as- 
sumption that a solution of 1 osm/liter has a freezing point depression of 
—1.86°C. The terms, freezing point depression, osmotic activity, or osmolar- 
ity, will be used interchangeably throughout this report. 


1 The renal cortex only and not the medulla was the source of all kidney tissue of 
the present report. 
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Analytical techniques used included determinations of freezing point de- 
pression of the tissue, serum and saline standards in the Fiske osmometer 
using a thermistor as the temperature-sensing element; weights of tissue, 
containers, and diluents on a Sartorius balance; CO, content of serum and of 
the supernatant fluid of boiled tissue by the method of Van Slyke and Neill 
(30); CO, content of tissue and whole blood by the method of Danielson and 
Hastings (31). In a few instances, barium-soluble CO, content of whole blood 
was determined by a modification of the method of Ferguson and Roughton 
(32). 

RESULTS 


Tissues investigated were blood, liver, and kidney. Data to be reported 
herein will indicate that the calculated osmotic activity of the boiled liver 
and kidney was isotonic or even slightly hypotonic to that of the concurrent 


TABLE I 
Values for Calculated Osmotic Activity of Tissues and Blood, CO, Content of the Tissues and Blood 
before and after Boiling with pH after Boiling 
Numbers in parentheses designate the number of determinations on each tissue. 





Calculated osmotic , CO: Calculated 
activity of tissue —_ content | COs con- 
of serum 


Loss of 

: pH after 
before | tent after pa ag boiling 
boiling | boiling — 





Average Range 





Liver 290 (36) | 273-306 | 293 (6) | 17.6 10. -900 
.700 
100 


" 7 
Kidney cortex 289 (18) | 285-294 | 303 (3) | 18.9 : ‘ 7 
Whole blood 268 (54) 246-285 | 296 (9) | 18.1 8 























serum, and that boiled whole blood was hypotonic to serum. This iso- or 
hypotonicity of boiled intact tissues contrasted sharply with the previously 
reported data (1, 33), which had shown a consistent hypertonic value for the 
osmotic activity of frozen non-intact tissue homogenates. 

The observed hypotonicity could have been due to a change in the CO, 
content of the tissue during boiling, in which case osmotically active particles 
(COs, HCO3, CO3) could have disappeared. 


Level of Freezing Point Depression of Liver, Kidney, Whole Blood, and Plasma 


Table I shows average values for calculated osmotic activity of the tissue 
indicated, osmotic activity of serum, change in Oy, content with boiling, and 
pH of the diluted tissue after boiling. In six dogs, the average value for cal- 
culated osmotic activity of six livers was 290 m.osm/kg. of tissue water, or 
but 3 m.osm/kg. less than that of the directly determined osmotic activity of 
six samples of serum from the same dogs. In three other dogs, the average 
value of calculated osmotic activity of three kidneys was 289 m.osm/kg., or 
14 m.osm/kg. less than that of the corresponding samples of serum. 
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The table shows that an average of 7.1 mm/kg. of CO, was lost by boiling 
the six livers, while 14.2 mm/kg. were lost by boiling three kidneys. This 
means that the observed differences between calculated osmotic activity of 
liver or kidney versus that of serum (3 and 14 m.osM respectively) could be 
explained adequately by the observed amount of CO, content lost from the 
tissues during boiling. The average loss of CO, content of whole blood was 
8.2 mm/kg., a value too small to account for the observation that osmotic 
activity of boiled blood was 28 mm/kg. less than that of serum. To explain 
the discrepancy in osmotic activity of boiled versus unboiled blood, one may 
invoke the following possible factors: (1) ion-binding with the hemoglobin or 
precipitation of phosphates, associated with the high level of tissue pH found 
after boiling; (2) the presence in boiled blood of osmotically inactive car- 
bamino compounds, suggesting that the loss of osmotically active CO, was 
greater than that observed. Preliminary experiments have been performed to 
test the possibility of the presence of carbamino- or barium-soluble CO, in 
blood. However, results of such determinations in blood have been erratic, 
and therefore, we have not been able to draw any conclusions with respect to 
the precise chemical form of CO: remaining in the boiled extracts. 

The boiling of the tissues and the dilution with distilled water created 
special conditions and problems which had to be tested. Two questions raised 
were: (1) whether or not a diffusion equilibrium between the tissue and the 
supernatant was reached within the time allotted for boiling; and (2) whether 


or not activity coefficients of the tissue electrolytes were changed significantly 
at various levels of dilution required for the boiling process. 


Diffusion Equilibrium between Tissue and Diluent 

Small pieces of liver were quickly transferred from the dog to tared beakers, 
weighed, covered with boiling water, and heated in a boiling water bath. 
Beakers were allowed to remain in the 100° bath for periods varying from 0.5 
to 60 minutes. After removal of each beaker from the hot bath at g specified 
time, it was cooled quickly in an ice bath, and determination of tM freezing 
point depression made on the supernatant fluid. Calculations of the apparent 
osmotic activity of the undiluted tissues were made in the usual manner de- 
scribed herein. As diffusion progresses, one would expect an increase in the 
observed freezing point depression of the supernatant. When the diffusion 
process approaches equilibrium, the fluid of the supernatant would have a 
freezing point depression approaching that of the fluid within the bits of tis- 
sue. Such a condition corresponds to the assumptions (see Equation 1) in- 
herent in the calculations of osmotic activity of undiluted tissues. Obviously, 
this technique cannot exclude the presence of osmotically active particles 
“sealed” in unknown regions of the intact tissue; i.e., within impermeable 
barriers created in some unspecified manner by the boiling process. 
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Fig. 1 shows results of a typical experiment, wherein the apparent osmotic 
activity calculated from the freezing point depression of the supernatant fluid 
was plotted against duration of time of boiling. Two other experiments, not 
shown, yielded almost identical patterns of osmotic activity versus time. 

The calculated osmotic activity of tissue asymptotically approached the 
serum value. At 20 minutes, calculated osmolarity was 94 per cent of the 
empirically assumed equilibrium value (serum) and at 30 minutes, calculated 
osmolarity was 95 per cent of equilibrium value. Since most of the tissues of 
the present report had been subjected to 30 minutes of boiling, they could 
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Fic. 1. Osmotic activity of supernatant diluent versus time of boiling. Extrapolation 
of osmotic activity of supernatant to zero time shown by dotted line. It is assumed that 
the osmotic activity of the supernatant at zero time is that of distilled water. 


have equilibrated with the ambient fluid to the extent of 95 per cent. If so, 
an additional correction of 5 per cent of the total osmolarity should be applied 
to the values of calculated osmotic activity of boiled diluted tissues. 


Stability of Heat-Treated Tissues 


The asymptotic nature of the curve of Fig. 1 suggests that the boiled ex- 
tracts were stable with time for periods of 44 to 1 hour. Other observations, 
not presented herein, have shown that the osmotic activity of such boiled 
extracts remained constant for at least 2 hours. In experiments reported else- 
where (34), frozen, crushed homogenates, dried in a 105°C. oven for 24 hours, 
were reconstituted to their original volume with distilled water. Such recon- 
stituted homogenates were hypertonic to plasma, but were stable for 24 hours 
with respect to osmotic activity. Similar experiments were performed on 
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boiled diluted intact bits of tissue (treated in the manner described under 
Methods). The heat-dried bits of tissue, reconstituted with distilled water, 
were isotonic with serum and stable for 24 hours with respect to osmotic ac- 
tivity. 


Change of Activity Coefficient of Tissue Electrolytes with Dilution 


The next question to be tested was whether or not the activity coefficient 
of the tissue electrolytes could change by virtue of the dilution required by 
the present experimental technique. For this purpose, pieces of liver were 
boiled with distilled water for 30 minutes and the supernatant filtered. The 
filtrates so obtained were concentrated by evaporation so that the level of 
their freezing point depression reached a value corresponding to ca. 300 
m.osM/liter. Serial dilutions were made of the concentrated filtrate. Deter- 
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7 — 
Tr 13 
DILUTION 
Fic. 2. Influence of dilution on the activity coefficient of tissue electrolytes. Ordi- 
nate, per cent increase in calculated osmolarity over the original osmolarity of tissue 
fluid. Abscissa, degree of dilution. 


minations of the freezing point depression were performed on the filtrates at 
several levels of dilution. 

The change of activity coefficient of the tissue electrolytes determined 
empirically, was expressed as the percentage increase in osmotic activity of 
the original undiluted filtrate. In mathematical terms, 


(Oair.) (f.) pd (Ocone.) 
(Ocone.) 





Per cent Aosm. = xX 100 (2) 
in which per cent A osm. is the per cent increase of osmotic activity of filtrate 
caused by dilution; Oqi:. is the observed osmotic activity of diluted filtrate; 
f. is the dilution factor; and Ocone. is the observed osmotic activity of the 
original concentrated filtrate. This expression (per cent A osm.) is an empiric 
definition of the change in activity coefficient of tissue solutes over a wide 
range of concentrations. If there were no change of activity coefficient with 
dilution, then (Oai:.) (f.) = QOcone., Whence per cent A osm. = O. 

Fig. 2 shows the percentage increase of osmotic activity (or of activity co- 
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efficient) versus degree of dilution over a one- to twentyfold range of dilution. 
It can be seen that empirically determined activity coefficient of the tissue 
electrolytes increased by 3 per cent at the fivefold level of dilution and by 
11 per cent at the twentyfold level of dilution. Identical experiments with a 
NaCl solution at 300 m.osm/liter were performed. The observed change of 
osmotic activity of the NaCl solution versus dilution yielded results practi- 
cally identical with those obtained from the concentrated tissue filtrate. The 
per cent increase of activity coefficient of our standard saline solutions agreed 
with that reported in the International Critical Tables (35). Such agreement 
was within 1 per cent up to a tenfold dilution; and to within 5 per cent at a 
twentyfold dilution. In most of the experiments in the present report, the 
increase of calculated osmotic activity coefficient could not have exceeded 
3 per cent, since the usual level of dilution for the boiled tissues was between 
four- and sixfold. Since the error of determination of freezing point depression 
could have been as much as 2 m.osM/liter, a sixfold dilution could magnify 
this error to 12 m.osm/liter, or to 4 per cent of the total osmolarity—a value 
of the same order of magnitude as the observed change in activity coefficient 
of tissue electrolytes. At first, calculated values of tissue osmotic activity did 
not include a correction factor for the change in activity coefficient. Subse- 
quently, certain findings to be presented herein, led to the application of such 
corrections. 


Effects of Boiling on Non-Intact Tissue Homogenates of Known Osmolarity 


Experiments were designed to test the possibility that boiling, in some 
unspecified manner, reduced the osmotic activity of the tissue. This would 
imply that tissues are really hypertonic to serum, but that the heat of boiling 
either binds osmotically active particles or produces impermeable regions or 
barriers within the tissue. The following procedure was an attempt to deter- 
mine the effect of boiling on the osmotic activity of a tissue preparation on 
which the osmotic activity had been determined before boiling. This was 
accomplished by measuring the freezing point depression of a tissue homog- 
enate both before and after immersing it in boiling water at specified times. 

Tissues were frozen in liquid Nz and homogenized by crushing in a Carver 
press. The non-intact tissue homogenates so prepared, were kept at room 
temperature. Keeping homogenates at such a temperature favors a high rate 
of increase of their osmotic activities (1, 4). At specified times, direct meas- 
urements of the freezing point depression were made on aliquots of the homog- 
enates. At the same time, corresponding weighed aliquots of the same homog- 
enate were diluted with boiling water, immersed in the boiling water bath, 
and carried through the procedure of the present report. The freezing point 
depression of the boiled homogenates was obtained in the manner described 
under Methods. In other words, both types of aliquots were identical with 





J. W. T. APPELBOOM, W. A. BRODSKY, W. S. TUTTLE, AND I. DIAMOND 1161 


respect to having been frozen, crushed, and allowed to remain at room tem- 
perature for specified time intervals, and differed only with respect to boiling 
and dilution prior to the determination of the freezing point depression. 

Fig. 3, a plot of the values of osmotic activity versus time, shows the results 
of such experiments on non-intact homogenates of liver. The osmotic activity 
of the homogenate, determined directly, increased from a value of 355 
m.osM/K after standing at room temperature for 6 minutes, to one of 470 
m.osM/K after 30 minutes. The osmotic activity of the same homogenate, 
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Fic. 3. Effect of boiling on the osmotic activity (ordinate) of liver homogenate kept 
at room temperature for varying periods of time (abscissa). Extrapolation to zero time 
shown by dotted lines. The homogenate had been prepared by crushing frozen tissue 
in the Carver press. Zero time was defined as that of liquefaction of solid tissue in the 
press. 


left standing at room temperature for identical times, and determined after 
dilution and boiling, also increased with time, but reached lower levels than 
those of the unboiled homogenate. For example, after boiling, values of os- 
motic activity were: 330 m.osm/kg when boiling was performed after 5 min- 
utes; and 415 m.osm/kg when boiling was performed after 30 minutes. Straight 
lines were fitted to each group of points by the method of least squares. Extra- 
polation of both lines to zero time showed a difference between the osmotic 
activities of 10 m.osm/liter, while at 10 and 20 minutes the difference was 
respectively 26 and 43 m.osm/liter. Two explanations for this difference and 
its increase in time can be proposed: (1) The diffusion equilibrium after 30 
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minutes of boiling was 95 per cent complete, whence the observed value of 
osmolarity could be corrected upward by 5 per cent over the entire time range. 
(2) The CO, loss induced in tissues by boiling (8 mm/liter for liver) indicated 
a loss of osmotically active particles, whence the observed value of osmolarity 
could be corrected upward by 3 per cent during the first minute of standing. 


CO; determinations on fresh tissue were performed by quickly immersing the freshly 
excised bits into the Danielson-Hastings’ solution (31) prior to the analysis. CO, 
determinations on boiled tissue were performed by direct analysis (30) of the superna- 
tant fluid. Such tissues had been immersed in boiling water 0.5 to 1.0 minute after 
excision. No determinations on CO: content were made on homogenates allowed to 
stand at room temperature. Hence, the correction for loss of CO2 could be applied only 
to freshly excised bits of tissue, and to tissues subjected to boiling after being at room 
temperature for less than 1 minute. 


The application of the two corrections (8 per cent) shows that there had 
been no unexplained reduction of osmotic activity after boiling homogenates 
which had been exposed to room temperature for as long as 15 minutes. How- 
ever, such a correction would be slightly excessive owing to the change of 
activity coefficient, 3 per cent occasioned by the four- to sixfold dilution (see 
Fig. 2). The application of all three corrections (i.e., 95 per cent of diffusion 
equilibrium, loss of CO, content of tissue during boiling, and change of ac- 
tivity coefficient of tissue electrolytes produced by dilution) shows that boil- 


ing did not produce unpredictable changes of osmotic activity of hypertonic 
homogenates which had been allowed to stand for 10 minutes. 


Osmotic Activity of Boiled Diluted Tissue in Light of Data on Diffusion 
Equilibrium, Loss of CO, Content, and Change of Activity 
Coefficient 


Table II presents data on predicted versus actually determined osmotic 
activity of tissues subjected to boiling and dilution. Predicted values were 
obtained as follows: (1) Osmotic activity of the fresh tissue was assumed 
equal to that of plasma. (2) All corrections were applied to the actually deter- 
mined value of osmotic activity of plasma. (3) Corrections used were based 
on actual data concerning degree of diffusion equilibrium attained, loss of 
CO, content, and change of activity coefficient. 

It can be seen that predicted values of osmotic activity of boiled liver and 
kidney were 97 to 98 per cent of the actually determined values. The close 
approximation between predicted and actual values supports the validity of 
the one assumption used; i.e., that tissue fluid is isotonic with plasma. 

The predicted value of osmotic activity of boiled blood was 105 per cent 
of the determined value. Although this is a fair approximation, certain prob- 
lems with respect to osmotic activity of boiled blood remain to be solved. 
These problems have been mentioned under the first subsection of Results. 





J. W. T. APPELBOOM, W. A. BRODSKY, W. S. TUTTLE, AND I. DIAMOND 1163 


Influence of Freezing, Crushing, and Homogenizing on the Osmotic Activity of 
Boiled Diluted Tissues 


It appeared that boiling of a non-intact tissue homogenate of known os- 
motic activity did not decrease its osmotic activity significantly. It remained 
to be seen, why non-intact tissue homogenates were consistently hypertonic 
to plasma, while boiled intact tissues were isotonic. 

Assuming that tissue is hypertonic, one can explain the hypertonicity of a 
tissue homogenate. Boiling the intact tissue could produce diffusion barriers, 
which rendered the boiled tissue apparently isotonic. This is because such 
impermeable barriers might enclose regions containing osmotically active 
solutes. On the other hand, tissue homogenates, consisting of destroyed tis- 
sues with no histologic barriers, do not present conditions favorable for the 
production of barriers by boiling. Hence, boiling would have no influence on 
the osmotic activity of tissue homogenates. 


TABLE II 


Values for Plasma Osmolarity, Predicted Tissue Osmolarity, and Determined Tissue Osmolarity 
The predicted tissue osmolarity is calculated from the plasma osmolarity with the assump- 
tion that tissue is isotonic to plasma. 


Tissue Plasma Predicted Determined 
- osmolarity osmolarity osmolarity 


Liver. . He 280 290 


Kidney cortex ae 282 
Whole blood. . DU, ‘Were ereediate 282 


These considerations led to certain predictions: (a) If boiling creates a 
diffusion barrier in intact tissues, and if one can destroy such barriers with 
freezing, crushing, or glass-homogenizing, one might increase the osmotic 
activity of the boiled tissues by freeing “trapped” solutes; (6) on the other 
hand, if tissues are really isotonic, and no barriers are created by boiling, 
then freezing, crushing, or glass-homogenizing of the boiled tissues would not 
increase the osmotic activity of boiled tissues. 

The following experiments were designed: Small pieces of fresh dog liver 
were heated in a beaker of distilled water immersed in a 100°C. water bath 
for 30 minutes and the osmotic activity of the supernatant fluid was meas- 
ured. The mixture was then: (1) frozen in liquid nitrogen, crushed in a Carver 
press, and the osmotic activity redetermined on the resulting homogenate; 
or (2) the mixture was homogenized in a glass homogenizer, and the osmotic 
activity redetermined on the resulting homogenate. 

Microscopy in both cases showed complete tissue and cell destruction after 
crushing or homogenizing the boiled tissue. Figure 4 a@ shows that the histo- 
logic structure of the liver remained intact after boiling for 30 minutes in 
distilled water. Figure 4. shows histologic evidence of the architectural de- 
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struction produced in the same batch of tissue after crushing and homogeniz- 
ing. 

Neither of the two procedures resulted in an increase in the osmotic activ- 
ity of boiled liver tissue, suggesting that no isolated impermeable regions are 
present in such boiled tissues. Tables III and IV present raw data on measure- 
ments of osmotic activity of boiled liver before and after freezing-crushing or 
after glass-homogenizing. The change in osmotic activity induced by freezing- 
crushing or by glass-homogenizing was usually 0 to 2 m.osm/liter in both 
directions—a change within the limits of error of the analytical technique. 


TABLE II 


Raw Data Showing No Effect of Freezing and Pressing on the Freezing Point Depression of 
Diluted Boiled Liver 





Osmotic activity of Osmotic activity after 
boiled mixture freezing and pressing 





189 190 
157 159 
174 172 
187 187 











TABLE IV 


Raw Data Showing No Effect of Glass-Homogenizing on the Freezing Point Depression of 
Diluted Boiled Liver 





Osmotic activity of boiled Osmotic activity after 
mixture omogenization 





206 206 
197 193 
176 177 
190 190 
168 174 
167 170 











Moreover, the average change induced by mechanical destruction of boiled 
tissue in ten sets of aliquots (forty determinations) was zero. 

It appeared that mechanical destruction of an intact but dead (boiled) 
tissue failed to produce a change in its osmotic activity. However, previous 
data from this laboratory (1) and from others (2, 4) indicated that mechanical 
destruction of an intact living (frozen) tissue produced an hypertonic, metabo- 
lizing homogenate. Such data do not appear to be compatible with an hy- 
pothesis requiring that boiling of tissues creates isolated impermeable regions 
containing osmotically active solutes. 

Although the freezing-crushing process applied to boiled tissue may induce 
changes in its proteins, such changes do not affect its osmotic activity (Table 
III). On the other hand, the freezing-crushing process applied to freshly ex- 
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cised (living) tissue may change its proteins in such a way that the resulting 
homogenate becomes hypertonic. However, the data in this report are not 
sufficient to detect physicochemical changes in tissue proteins. 


DISCUSSION 


Any valid hypothesis concerning the osmotic activity of intracellular fluid 
must explain the results of the following experiments: (1) Boiling of a fresh 
tissue yields an extract isotonic with plasma. (2) Destruction of tissue by 
freezing and crushing yields a homogenate hypertonic to plasma. (3) Boiling 
of a hypertonic homogenate does not reduce its osmotic activity significantly. 
(4) Destruction of an isotonic boiled tissue by freezing and crushing, or by 
glass-homogenizing without freezing does not change its osmotic activity. 


TABLE V 


Summary of the Experiments, Results, and Assumptions Required to Explain the Data on the 
Basis of the Two Hypotheses: Tissue Isotonicity versus Tissue Hypertonicity 





1 4 








Assumptions 





Isotonic tissue Hypertonic tissue 





A. Boiling Isotonicity None 1. Barriers produced 

2. Ion binding 

B. Freeze-crush Hypertonicity 1. Autolysis + me- | None 

tabolism 

2. Physicochemical 

C. Freeze-crush + | Hypertonicity None 1. No barriers produced 
boiling (no change) 2. No ion binding 

D. Boiling + freeze-| Isotonicity (no | None 1. No barriers destroyed 
crush change) 2. Ion binding irreversible 

















Table V presents a summary of results of the experiments, as well as of 
assumptions required to explain the data on the basis of two opposing hy- 
potheses—isotonic cell fluid versus hypertonic cell fluid. The implications of 
the two hypotheses, indicated in columns 3 and 4 of the table, will be spelled 
out in the following discussion. 

Isotonic Hypothesis ——If we assume that intracellular fluid is isotonic to 
plasma, we should expect the extracts of boiled tissue to be isotonic, whether 
or not they are subjected to destructive measures such as freezing, crushing, 
or homogenizing. This implies that boiling would have no influence on tissue 
osmolarity, an implication verified experimentally since boiling did not pro- 
duce unpredictable reductions in the freezing point depression of hypertonic, 
non-intact homogenates (Fig. 3). To explain the hypertonicity of fresh tissue 
homogenates, we need either of two assumptions: (1) metabolic and/or auto- 
lytic activity in the tissue homogenates; or (2) changes induced in the proteins 
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of fresh tissues by freezing and pressing, with a resulting increase in the num- 
ber of osmotically active particles. Assumption 1 has experimental foundation, 
since it is well known that homogenates metabolize and autolyze even at 0°C. 
(36, 37). If such autolysis were the origin of increased osmotic activity in 
homogenates derived from isotonic tissues, one could account for all the data 
on freezing point depression without any ad hoc assumptions. 

Hypertonic Hypothesis.—On the other hand, if we assume that intracellular 
fluid is hypertonic to plasma, we should be forced to introduce several as- 
sumptions, not experimentally supported and of a complicated nature. The 
hypertonic homogenate produced by freezing and crushing of an hypertonic 
tissue would not need further explanation. However, to explain the observed 
isotonicity of boiled intact tissue, one must assume that boiling induces, in 
some way, disappearance of osmotically active particles*—either by the forma- 
tion of impermeable barriers or by the binding of ions to tissue proteins.’ Use 
of these arbitrary assumptions leads to an apparent discrepancy in the be- 
havior of geometrically intact tissue versus that of non-intact tissue homo- 
genates. Whereas boiling of an intact and allegedly hypertonic tissue reduces 
its osmolarity, boiling of a non-intact tissue of known hypertonicity does not 
reduce its osmolarity. This requires the ad hoc postulates that barriers or ion 
binding occur only in geometrically intact tissues, and not in destroyed tissue 
homogenates. Even if boiling does influence the osmotic activity of an hyper- 
tonic intact tissue, it is difficult to understand why the osmotic activity would 
fall consistently to isotonic or to nearly isotonic levels. 

Once boiling has decreased the osmotic activity of an allegedly hypertonic 
tissue to an isotonic level (see Table V, process A-4) by the formation of bar- 
riers or by ion-binding, it is not possible to reverse the process and to produce 
an hypertonic osmotic activity by mechanical destruction of the boiled tissue; 
i.e., by freezing, crushing, or homogenizing and freeing trapped solutes. The 
explanation of such apparent irreversibility would require the ad hoc postu- 
lates, that barriers surrounding osmotically active solute, once formed, cannot 
be destroyed, or that ion-binding, when and if it occurs, is irreversible after 
boiling. 


? Ferry et al. (38) have cited data showing that heat treatment of solid proteins may 
produce changes such as breaking of bonds (hydrolysis) as well as formation of new 
cross-links in the protein molecule, depending on the degree of dilution of the system. 
In fibrin, dilution plus steam treatment favored predominance of hydrolytic reactions, 
whence an increase of osmotically active particles would result. 

* Postulates on the binding of ions in living cells have been proposed to explain 
potassium accumulation in cells (Ling (39)), to account for the disappearance of 
active base in the body (Elkington et al. (40)), and to explain ion and water transport 
(Goldacre (41), Ling (39)). The schemes of Goldacre and of Ling, involving the 
folding and unfolding of protein molecules could be invoked to account for reduction of 
osmotic activity by boiling. 
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The formation of barriers to Hb diffusion has been found after steaming of 
fibrin film—a preparation that had been freely permeable to Hb before such 
treatment. However, the permeability of this film for small molecules (glu- 
cose, NaCl) was not affected by the steam heating (Ferry ef al. (38)). If a 
similar barrier had formed in our boiled tissue, it would not produce signifi- 
cant changes in calculated osmotic activity. To account for production of os- 
motic gradients across films, a postulated diffusion barrier must block the 
movement of small solute molecules (ion, glucose) and water. 

Current schemes on ion-binding* demand a reversible binding process, which 
does not fit our observations in boiled tissues. We are not aware of experi- 
mental or theoretical data on irreversible types of ion binding in tissues. 


The possibility of the existence of bound water, reviewed extensively by Gortner 
(42) and by Blanchard (43) might be reconsidered in order to account for present 
cryoscopic observations. The application of the concept of bound water to either of the 
two hypotheses of Table V would require several second and third order assumptions 
for a valid explanation of the data. For example: 

Bound water in cells assumed to be isotonic would demand that the bound water 
remained bound during boiling, freezing, and crushing, while the hypertonicity of the 
homogenate after freezing and crushing could be explained either by binding of more 
water or by metabolism. 

Bound water in cells assumed to be hypertonic would explain the isotonicity of cell 
fluid after boiling only by assuming that the bound water was released and the hyper- 
tonic cell fluid diluted to an isotonic level. Freezing and crushing would not influence 
the bound water of the allegedly hypertonic tissue, since the resulting homogenates 
were hypertonic. Boiling of the hypertonic homogenate fails to release bound water 
and to dilute the tissue, as was presumably the case when intact tissue was boiled. 
It is not clear why the bound water released by boiling would dilute the tissue exactly 
to the osmolarity level of plasma. 


The above considerations do not prove or disprove rigorously either of the 
concepts; i.¢€., of isotonic or of hypertonic cell fluid. However, the data do 
support, with a minimum of ad hoc postulates, the validity of the classical 
concept that intracellular fluid is isoosmotic with the extracellular fluid. 


Acknowledgement is made hereby to Mr. Robert Greathouse and Mr. Thomas I. 
Moxley, who provided meticulous technical assistance in the accomplishment of this 
work. 
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ABSTRACT 


The spectral sensitivities of the dorsal ocelli of cockroaches (Periplaneta americana, 
Blaberus craniifer) and worker honeybees (Apis mellifera) have been measured by 
electrophysiological methods. The relative numbers of quanta necessary to produce a 
constant size electrical response in the ocellus were measured at various wave lengths 
between 302 and 623 mu. 

The wave form of the electrical response (ERG) of the dark-adapted roach ocellus 
depends on the intensity but not the wave length of the stimulating light. The roach 
ocellus appears to possess a single photoreceptor type, maximally sensitive about 
500 my. 

The ERG’s of bee ocelli are qualitatively different in the ultraviolet and visible 
regions of the spectrum. The bee ocellus has two types of photoreceptor, maximally 
sensitive at 490 my and at about 335 to 340 mu. 

The spectral absorption of the ocellar cornea of Blaberus craniifer was measured. 
There is no significant absorption between 350 and 700 muy. 


Many adult insects possess two or three dorsal ocelli in addition to the 
compound eyes. The ocelli are usually small and inconspicuous, and compared 
with the compound eyes have a fairly simple structure. A layer of photoreceptor 
cells lies beneath a cuticular cornea, which in some species is lens-shaped. The 
axons of the receptor cells make synaptic contact with second-order neurons 
deep in the ocellus. The second-order units, few in number relative to the 
receptor cells, comprise the ocellar nerve, which passes from the ocellus into 
the brain. (For further details of the anatomy see Redikorzew (1900) and 
Cajal (1918) for the bee ocellus, and Ruck (1957) for Periplaneta.) 


* This research was supported in part by grants to Professor George Wald from 
the Office for Naval Research and The Rockefeller Foundation; to Professor K. D. 
Roeder from the National Science Foundation and the Public Health Service; and a 
Fellowship (BF-6302-C) to one of us (T. G.) from the Institute of Neurological 
Diseases and Blindness, Public Health Service. 
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No information has been available on the spectral sensitivities of insect 
dorsal ocelli. This paper reports electrophysiological measurements of this func- 
tion in two species of cockroaches (Periplaneta americana and Blaberus cranii- 
fer) and the honeybee (Apis mellifera). Because of the existing evidence, 
largely behavioral, that some insects respond to light in the near ultraviolet, 
our measurements extend from 302 my in the ultraviolet to 623 my in the red. 


Methods 


Fig. 1 shows a diagram of the apparatus. 

Light Sources—Two sources of stimuli were used. One was a 250 watt high pressure 
mercury arc (General Electric H5), with the outer glass jacket removed, operated with 
a voltage regulator and the appropriate transformer. The image of the arc was focussed 
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Fic. 1. Schematic diagram of the optical and recording apparatus. See text for 
description. 


through a silica lens on the entrance slit of the first of two Gaertner quartz mono- 
chromators, used in train to form a double monochromator with double dispersion. 
Though such quartz instruments have a small dispersion in the visible region of 
the spectrum, they adequately isolate the series of mercury lines: 623, 578, 546, 491, 
436, 405, 365, 334, 313, and 302 mu. At all visible wave lengths the light emerging 
from the exit slit was examined for spectral purity with a spectroscope. With the slit 
widths used there was no significant contamination, either from lines in other parts of 
the spectrum or from the background continuum present in high pressure mercury 
lamps. 

With this light source it was possible to explore sensitivities in both the visible 
and the ultraviolet regions of the spectrum, using essentially monochromatic light. 
However, a few of the mercury lines are quite feeble, and there are large gaps between 
some of the available lines. For certain purposes, therefore, a 100 watt zirconium arc 
lamp (Sylvania), which emits a continuous spectrum in the visible, was used in con- 
junction with a Bausch and Lomb grating monochromator. The monochromator slit 
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width was 1 mm. for all wave lengths, a setting which produced a half band width 
of 3.3 my at the exit slit. A 1 cm. layer of water served as heat filter between the lamp 
and the entrance slit. The glass walls of the heat filter removed all wave lengths shorter 
than about 340 my; thus the visible region of the spectrum to about 680 my was not 
overlapped by the second-order spectrum. 

A manually operated shutter in the light path controlled the duration of stimuli. 
Intensities at 365 my and all longer wave lengths were controlled with a pair of annular 
photographic wedges, rotating in opposite directions so as to compensate each other. 
Their position was read from a dial in increments representing something less than 
0.03 logarithmic unit of light intensity. The total range of the wedges corresponded 
to a millionfold change in intensity. 

The glass and gelatin of which such wedges are made strongly absorb wave lengths 
shorter than 330 my. For this reason they were unsatisfactory at the shortest wave 
lengths and had to be removed from the light path. At 334, 313, and 302 my the 
intensity could be decreased 1 logarithmic unit by closing down one of the mono- 
chromator slits. When it was necessary to decrease the intensity in the ultraviolet 
further, filters were used, constructed of one to three large microscope cover glasses 
cemented together with Canada balsam. The filters, used in combination with the exit 
slit for fine control, provided a wide range of stimulus intensities. 

Calibrations —The relative energies of the monochromatic lights were determined 
by placing either a thermopile or Weston barrier layer photocell in the position of the 
insect. The spectral response of the photocell had been calibrated by the National 
Bureau of Standards. Only the photocell was sensitive enough to measure the weakest 
mercury lines; elsewhere in the spectrum, the two instruments provided a mutual 
check. The thermopile was a Kipp and Zonen “large surface” constantan-manganin 
pile, with 80 junctions covered by a quartz window. Both instruments were used 
in conjunction with a low resistance galvanometer. The transmissions of the wedges, 
filters, and monochromator slits were calibrated with a phototube (Welsh densichron). 

Animal Preparation and Recording Methods.—Intact animals were fastened with 
“tacky wax” to a small platform. The head, except for the cornea of the experimental 
ocellus, was covered with aluminum foil. An image of the exit slit of the 
monochromator was focussed on the ocellus with a second silica lens. Each electrode 
was a Stainless steel wire (0.012 inch diameter) electrolytically tapered to a fine point. 
With the aid of a micromanipulator, the active electrode was passed through the 
edge of the cornea until its tip lay at the distal surface of the receptor cell layer. The 
reference electrode was inserted into the flagellum of an antenna (roaches) or into 
a compound eye (honeybees). In both cases the reference electrodes were electrically 
indifferent to potential changes occurring in the illuminated ocellus, and the light 
shielding was adequate to prevent responses from the compound eyes at the stimulus 
intensities used. The amplifier was a Grass P6, which was operated push-pull, and 
either D.c. or at a frequency band pass of 1 cycle to 2 kc. per second. The responses 
appeared on an oscilloscope screen. In Figs. 2, 6, and 7, negativity of the ocellar elec- 
trode appears as an upward deflection. 

After an animal had been fixed in the experimental position, it was allowed to dark- 
adapt for at least a half-hour. In this time the honeybee ocellus attains a stable, 
maximally sensitive state. The Periplaneta ocellus reaches a state which, if not maxi- 
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mally sensitive, is nearly so, and effectively stable for the durations of these experi- 
ments. The course of dark adaptation in Periplaneta and Apis has been studied by 
one of us (P. R.) and will be described elsewhere. Stimulus durations were one-tenth 
second in all experiments. The interval between test flashes was at least a minute, 
sufficiently long to permit recovery from the effects of the previous test flash. 


RESULTS 


Cockroach ocelli.—The electrical responses of roach ocelli have recently been 
described in some detail (Ruck, 1957). The ocellar electroretinogram (ERG) 
of Periplaneta americana contains three components: (1) a positive deflection 
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Fic. 2. Responses of a dark-adapted ocellus of Periplaneta to lights of increasing 
intensity. Stimulus strengths (log relative number of quanta): (a) 1.50, (b) 2.38, (c) 
3.25. Wave length 365 my (the wave form of the ERG of this species does not depend 
on wave length). Stimulus durations (0.1 second) indicated below the responses. In 
Figs. 2, 6, and 7, negativity of the ocellar electrode appears as an upward deflection. 
These figures were traced from the photographic records, and the background noise, 
obvious at high gain settings, has been minimized. D.C. amplification. 


at “‘on;” (2) a slow negative wave; and (3) a more rapid positive deflection at 
“off” (“off-spike”). The behavior of these three components with increasing 
intensity of stimulation is illustrated in Fig. 2 for a dark-adapted ocellus. 
According to Ruck’s analysis, the positive and negative components which 
appear during illumination originate in the layer of photoreceptor cell bodies, 
presumably from the receptor cells themselves; the off-spikes originate in the 
largest ocellar nerve fibers. We find that the ERG’s elicited by monochromatic 
light in the dark-adapted ocellus are the same in all respects as those elicited 
by white light. 

In one experiment ERG’s were obtained over the range of intensities avail- 
able at each of the following wave lengths: 623, 578, 546, 491, 436, 405, and 
365 my. The photographic records of these responses show that the wave 
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form of the ERG varies with stimulus strength in the same way at all wave 
lengths. One feature of the ERG, the amplitude of the negative wave, was 
measured. This amplitude in millivolts is plotted in Fig. 3 as a function of the 
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Fic. 3. Responses of the dark-adapted ocellus of Periplaneta. The height of the 
negative wave in millivolts is plotted logarithmically on the ordinate as a function 
of the log of the relative number of quanta. Data for seven wave lengths are plotted; 
the data at 405 my and 578 my are fitted by a single curve. The dashed horizontal 
line at 0.6 millivolt is the criterion response on which the spectral sensitivity curve 
plotted with crosses in Fig. 4 is based. 
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logarithm of the relative number of quanta delivered in the test flash at each 
wave length. The curves in Fig. 3 are parallel; any one of them can be super- 
imposed on any other by a shift along the abscissa.’ 


'Two of the curves in Fig. 3 (365 and 546 my) show a second inflection at the 
lower end. We do not believe this is significant. The error in the measurement of 
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In our experience with Periplaneta ocelli, the ERG’s at all wave lengths from 
302 to 623 my can be matched with one another in all respects merely by vary- 
ing the intensity. This observation, together with the similarity in form of the 
curves shown in Fig. 3, strongly suggests that the Periplaneta ocellus contains 
a single type of photoreceptor cell. In that case, both the positive and negative 
components of the ERG which Ruck has suggested originate in the layer of 
receptor cell bodies are the signs of excitation of a single type of photoreceptor 
cell. 

By drawing an abscissa representing some constant amplitude of response— 
say 0.60 mv.—through the family of curves in Fig. 3, one can construct a 
spectral sensitivity curve. Fig. 3 yields directly the logarithm of the relative 
number of quanta necessary to produce a given level of response at each wave 
length; the reciprocal of this number of quanta is the relative sensitivity. Fig. 
4 shows the sensitivity at each wave length, expressed as a fraction of the sen- 
sitivity at 491 my. The points marked with a cross are derived from the data 
of Fig. 3. 

In order to localize more closely the wave lengths of maximum sensitivity 
and to expand the curve further into the ultraviolet, we have examined addi- 
tional Periplaneta ocelli, two with the mercury arc and two with the zirconium 
arc. These results also are plotted in Fig. 4. 

The following method was used to obtain these data. A negative wave of 
about 0.5 mv. was selected as the constant retinal response. One of us observed 
the oscilloscope screen and called for higher or lower stimulus strengths as 
they seemed to be required to yield this response. The operator adjusted the 
wedges, filters, and slits accordingiy, and recorded instrument settings. Most 
of the time the observer was not aware of either the wave length being tested, 
or the stimulus strength recorded. Thus he could be asked to repeat previous 
determinations without prejudice. Such checks assured also that the sensitivity 
of the ocellus did not change during the course of an experiment. 

The average sensitivities are plotted in Fig. 4. The Periplaneta ocelli we have 
examined appear to possess a single receptor type with a maximum sensitivity 
close to 500 mu. 

With this method we have also obtained spectral sensitivity data for two 
Blaberus ocelli. No differences appeared between Blaberus and Periplaneta in 
the region 440 to 623 my. Only the zirconium arc was used in the Blaberus ex- 
periments; therefore, this comparison does not involve the ultraviolet. In both 
species the sensitivity continued to decrease at wave lengths longer than 623 my. 


amplitudes is greatest for the smallest responses, for these deflections are only two 
or three times the noise level. Furthermore, these two wave lengths are widely sepa- 
rated in the spectrum; whereas if the inflections indicated a Purkinje shift, they should 
be close together. 
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Spectral Absorption by the Ocellar Cornea of Blaberus craniifer.—The ocellar 
corneas of Blaberus and Periplaneta appear transparent and colorless to the 
human eye. This fact implies that very little, if any, absorption occurs between 
400 and 700 my. To learn something about corneal absorption in the near ul- 
traviolet as well, we made a direct measurement, using the cuticular cornea of 
Blaberus. This cornea is relatively large—about 0.5 mm. in diameter in the 
individual examined—and has the approximate form of a disc rather than a 
lens. 

A small circle of cuticle which included the cornea in its center was cut 
from the head and immersed in insect saline. The adhering soft tissues were 
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Fic. 4. Spectral sensitivity of the dark-adapted ocellus of Periplaneta. Sensi- 
tivity, the reciprocal of the relative number of quanta necessary to elicit a negative 
wave of a given height, is set equal to 1 at 491 my. The curve represents the average 
sensitivity of five ocelli, one of which is shown separately with crosses. The values 
for the points marked with crosses are calculated from the data of Fig. 3. 
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gently scraped from the back. While still moist, the disc was rapidly mounted 
and its absorption spectrum measured with a Cary recording spectrophotom- 
eter. The results are shown in Fig. 5. The extinction at 700 my has been arbi- 
trarily set at 0. Because the back of the cornea is rough and no special pains 
were taken to mount it in a medium of the same refractive index, the gradual 
rise in extinction down to about 350 my may result primarily from light 
scattering. The main point is that the cornea of this ocellus is transparent to 
much of the near ultraviolet. 

The absorption spectrum of the cornea of Periplaneia is probably very simi- 
lar. Evidence presented in the following section indicates that the honeybee 
ocellus contains receptors which are maximally sensitive in the near ultraviolet; 
this, of course, implies that the cornea of the honeybee ocellus also is trans- 
parent to the near ultraviolet. 
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Honeybee Ocelli.—The ERG of the honeybee ocellus is similar to that of the 
roach. An initial positive wave is followed by a slower negative wave; off-spikes, 
however, have not been observed in the bee. Unlike the roach, the wave form 
of the ERG is qualitatively different in different parts of the spectrum. 

In the ultraviolet (302 to 365 my), the threshold ERG of the dark-adapted 
ocellus is a rapid positive deflection at “‘on’’ (Fig. 6, 302 mu, a). With increase of 
stimulus strength, the positive wave may grow somewhat, but its maximum 
size (in the dark-adapted ocellus) is attained at intensities not far above the 
threshold. The most conspicuous change in the ERG as the intensity rises is 
the appearance and growth of the negative wave, which eventually becomes 
much larger than the positive component (Fig. 6, 302 my, 6 and c). 





i q T T T q i T ' 


‘rr F 


: © 


ABSORPTION OF THE CORNEA 


T 


OF THE OCELLUS OF BLABERUS 


DENSITY 


OPTICAL 


Bn mm Se a me oe 





Bape a ee Se eS ee ee 








1 
500 
my 


Fic. 5. Absorption spectrum of the cuticular cornea which covers the ocellar cup 
of the roach, Blaberus craniifer. 


At all wave lengths longer than 405 my, the ERG at threshold is a slow 
negative wave (Fig. 6, 546 my, a) which persists as long as the light is on. With 
small increases of stimulus strength the negative wave remains the only com- 
ponent present; but suddenly the threshold for the positive wave is reached, 
and for all stronger stimuli the responses of the dark-adapted ocellus contain 
both positive and negative components (Fig. 6, 546 my, b and c). 

The transition between the two types of threshold response occurs somewhere 
between 365 my and 405 muy, a region in which no calibrated stimulus was 
readily available. At high intensities the two wave forms are indistinguishable. 

Enhancement of the positive wave occurs, however, both in the ultraviolet 
and at long wave lengths. Whenever the positive wave appears in the dark- 
adapted ocellus, its amplitude may be increased by a second flash delivered a 
few seconds later (Fig. 7). 
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Fic. 6. Two series of responses of a median ocellus of A pis, illustrating the differ- 
ences in wave form with wave length of stimulating light. Note the prominent posi- 
tive “on” component present at threshold in the ultraviolet. Stimulus strengths (log 
relative number of quanta): 302 my: (a) 3.56, (6) 3.64, (c) 3.80; 546 my: (a) 2.93, 
(b) 3.10, (c) 3.30. Stimulus durations (0.1 second) are indicated below the responses. 
p.c. amplification. 
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Fic. 7. The effect of repetitive stimulation of a median ocellus of the honeybee. 
Wave length 302 muy: (a) response of a dark-adapted ocellus to a stimulus near thresh- 
old; (b) response to the same stimulus delivered 5 seconds later. Wave length 546 mu: 
(a) response of a dark-adapted ocellus to a stimulus near threshold; (b) response to 
the same stimulus delivered 5 seconds later. Note the enhancement of the positive 
component and (particularly at 546 my) the increased rate of rise of the negative 
component, caused by repetitive stimulation. 
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Following flashes, even just above threshold, many seconds are required for 
recovery of the dark-adapted state. In general, however, 1 minute is adequate 
for full recovery. In our determinations of spectral sensitivity, a 1 minute 
interval separated the test flashes. 

A further difference between the responses which appear at the two ends of 
the spectrum is the rate of rise of the negative component. In the ultraviolet, 
the negative component climbs more rapidly to its peak value than at longer 
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Fic. 8. Spectral sensitivity of a single median ocellus of Apis, showing the two 
maxima at about 490 my and 335 to 340 mu. Sensitivity is defined as the reciprocal 
of the relative number of quanta required to produce a constant effect. 


wave lengths. Similarly, the rate of rise of the negative wave is greater for the 
second of two test flashes delivered a few seconds apart (Fig. 7, particularly 
546 my). 

We believe that the differences in wave form with wave length indicate two 
types of photoreceptor cells in the honeybee ocellus, each type contributing 
positive and negative components to the electroretinogram. The spectral sensi- 
tivity curves support this explanation. 

The method used to obtain the spectral sensitivity curve in Fig. 8 proved to 
be the most informative. As before, the relative numbers of quanta required to 
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elicit a constant response were determined at each wave length. However, in 
this case two sets of data based on two different criterion responses were ob- 
tained from the same ocellus. At 578 my a stimulus strength was found which 
elicited simultaneously: (1) a 0.3 mv. negative wave, and (2) a threshold posi- 
tive wave (the smallest one which could be clearly discriminated). The relative 
numbers of quanta required to produce each of these responses were then de- 
termined at all wave lengths. Between 578 and 405 my the wave form of the 
response did not change; that is, at each wave length the same number of 
quanta which elicited the required negative response also produced the positive 
response. In this region the ocellus is maximally sensitive to light of about 
490 my. 

At 365 my and all shorter wave lengths, less energy was required to produce 
the threshold positive wave than the 0.3 mv. negative wave. Accordingly, 
there are two spectral sensitivity curves in the ultraviolet, one above the 


TABLE I 
Data Illustrating the Variation in Relative Heights of the Two Sensitivity Maxima 
(335 to 340 and 490 mp) of the Honeybee Ocellus 
There is a minimum in the sensitivity curve at about 405 mu, and the ERG at 405 my 


is characteristic of the long wave length receptor. Note the relative constancy of the 405/ 
491 ratio. Ocellus 3 is further described in Fig. 8. 
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other. Both of them, however, agree in indicating that the ocellus is maxi- 
mally sensitive in the ultraviolet at about 335 to 340 mu. 

This result lends support to the conclusion that the honeybee ocellus pos- 
sesses two different types of photoreceptor, one maximally sensitive at about 
490 my, the other at about 335 to 340 my, and that excitation of either con- 
tributes to both the positive and negative components of the ERG. 

We examined other bee ocelli with the mercury arc; in all cases the criterion 
response was a negative wave of about 0.3 mv. All the sensitivity curves that 
we have obtained from bee ocelli have two maxima, at about 490 and 335 to 
340 my. 

As Table I shows, however, there is much variation in the ratios of the 
heights of these peaks.? The meaning of this variation is not yet clear. In the 


* A similar variation also was noted by Walther and Dodt (1957) in the compound 
eyes of Periplaneta and Calliphora. 
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case of the ocellus giving the lowest 334/491 ratio, the wave form of the re- 
sponse in the ultraviolet differed least from the wave form at long wave lengths. 
Conversely, the ocellus giving the highest 334/491 ratio showed the greatest 
difference in wave form. Thus the more pronounced the difference between 
ERG’s at the two ends of the effective spectrum, the more prominent is the 
peak of sensitivity in the ultraviolet. In the two extreme cases (Table I, Nos. 
1 and 4), however, the long wave length responses were nearly identical in 
wave form. 
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Fic. 9. Spectral sensitivity of the long wave length receptor of the bee ocellus. 
Average of seven ocelli. The sensitivity is defined as the reciprocal of the relative 
number of quanta necessary to produce a constant effect. The maximum sensitivity 
is at about 490 mu. 


To localize more accurately the position of peak sensitivity of the long wave 
length receptor, we measured spectral sensitivities at closely spaced wave 
lengths selected from the continuous spectrum of the zirconium arc. As before, 
we compared the numbers of quanta required to elicit negative waves of equal 
amplitude at the various wave lengths. The result is shown in Fig. 9. It es- 
tablishes the maximum of the long wave length receptor close to 490 mu. 


DISCUSSION 


The ocelli of Periplaneta and Blaberus, unlike the compound eyes and ocelli 
of most other insects, are completely free of accessory pigments. Furthermore, 
the bottom of the ocellar cup is lined with a white reflecting layer, and the 
cornea of the ocellus is nearly equally transparent to all wave lengths between 
350 my and 700 mu. For these reasons, a spectral sensitivity curve of this 
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photoreceptor should match closely the absorption spectrum of the visual pig- 
ment. 

Because we have not determined the relative contributions of absorption and 
light-scattering in the absorption spectrum of the Blaberus cornea, it seems un- 
wise to attempt to use this spectrum to correct the spectral sensitivity function 
of the roach ocellus shown in Fig. 4. On the basis of these data, nevertheless, it 
seems probable that between 300 my and 350 my the absorption spectrum of the 
visual pigment rises somewhat higher than the spectral sensitivity of the intact 
ocellus indicates, whereas at wave lengths longer than 350 my the spectral 
sensitivity curve of the intact organ probably closely approximates the ab- 
sorption spectrum of the visual pigment. 

We find a single type of receptor in the ocelli of Periplaneta; the spectral 
sensitivity curve has a single peak at 500 my and possesses a foot which ex- 
tends into the near ultraviolet. The shape of this curve resembles the absorp- 
tion spectrum of vertebrate rhodopsin, the visual pigment of vertebrate rods. 
There are other reasons for believing that the visual pigment of the ocellus is 
similar to vertebrate rhodopsin. Recently Goldsmith (1958) has reported the 
presence of retinene, a constituent of rhodopsin, in a photosensitive pigment in 
the honeybee. Visual pigments derived from retinene are known also in other 
invertebrates (squid (Hubbard and St. George, 1957-58); lobster (Wald and 
Hubbard, 1957)). The mechanisms of visual excitation employed in all groups 
of animals which possess well developed eyes—the insects included—appear to 
be biochemically similar. 

Walther and Dodt (1957) have reported that the spectral sensitivity curve 
of the compound eye of Periplaneta americana has two peaks, at about 500 mu 
and in the ultraviolet. Their curves end at 347 my in the ultraviolet, at which 
point the sensitivity still seems to be rising. The peak at 500 my in the com- 
pound eye and the peak we find in the ocellus may depend on the same visual 
pigment, present in both photoreceptors. The roach ocelli that we examined 
do not rise in sensitivity in the ultraviolet as these authors report for the 
compound eye. 

In contrast to roach ocelli, the spectral sensitivity curves of honeybee ocelli 
have two regions of maximum sensitivity, one at 490 my and the other, less 
precisely localized, at about 335 to 340 mu. Because stimulation in the ultra- 
violet produces a qualitatively different ERG from that produced by stimula- 
tion in the visible region of the spectrum, it is difficult to ascribe the two sen- 
sitivity maxima, which vary also in their relative heights, to a single visual 
pigment. We think it highly probable that the honeybee ocellus contains two 
visual pigments, localized in two separate types of photoreceptor cell. Histo- 
logical studies (Redikorzew, 1900; Cajal, 1918), however, have failed to dis- 


tinguish two anatomically different types of photoreceptor cell in honeybee 
ocelli. 
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Behavioral studies (Kiihn, 1927; Bertholf, 1931; Daumer, 1956) indicate the 
existence of an ultraviolet receptor in honeybees. These experiments, however, 
do not establish whether the bees were responding to stimulation of the com- 
pound eyes, ocelli, or both. The function of the honeybee ocellus, and of dorsal 
ocelli in general, is obscure,’ a situation which should change as appropriate 
behavioral experiments are performed. 
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ABSTRACT 


Stimulation of intact or desheathed frog sciatic nerves produced an increase in 
the sodium content and a decrease in the potassium content of this tissue. In de- 
sheathed preparations the magnitudes of the changes in ionic contents decreased 
as the concentration of the potassium in the bathing solution was increased, while 
changing the external sodium concentration produced small effects on the ionic 
shifts. During tetanization, the rate of decline of the compound action potential 
also decreased as the external potassium concentration increased. Eliminating the 
activity respiration with 0.2 mm azide did not greatly modify the changes in sodium 
and potassium distribution that accompanied activity in either intact or desheathed 
nerves. 


INTRODUCTION 


Prolonged stimulation of peripheral nerve leads to changes in the sodium 
and potassium contents of this tissue (Arnett and Wilde, 1941; Keynes and 
Lewis, 1951; Shanes, 1951 a and 5). Presumably, these changes in ionic contents 
represent the cumulative effect of the ionic movements that accompany each 
volley of impulses (Hodgkin, 1951). Frog peripheral nerve also increases its 
rate of respiration during activity (Brink e¢ al., 1952), and it has been suggested 
(Hodgkin, 1951) that this activity respiration might serve to reverse the ionic 
movements that occur during each impulse and thereby maintain the ionic 
distribution of stimulated frog nerves close to the normal level. Hodgkin (1951) 
showed that such a function for the activity respiration was feasible on energetic 
’ grounds. Brink et al. (1952) and Doty and Gerard (1950) have shown that 0.2 
mM azide eliminates almost completely the extra oxygen uptake that accom- 
panies activity in frog nerve, while it only slightly interferes with the resting 
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respiration or the ability of a nerve to conduct. This phenomenon provides a 
tool for testing the suggestion of Hodgkin, and a series of experiments was 
undertaken to determine whether 0.2 mm azide would modify the changes in 
the sodium and potassium contents of frog nerves that accompany activity. 

To facilitate the exchange of ions between the extracellular spaces of a nerve 
and the surrounding medium, the perineurium was removed from most of the 
nerves that were used in this investigation. The potassium concentration of the 
bathing solution affects the changes that occur in several properties of these 
preparations during and after prolonged stimulation (Connelly et al., 1956). 
In the present investigation potassium was found to affect the ionic exchange 
that occurred during stimulation of such desheathed nerves. The first portion of 
this report will be concerned with the effects of the external concentrations of 
sodium and potassium on the changes in ionic contents that accompany activity 
in frog nerves. The influence of 0.2 mm azide on these changes in ionic distribu- 
tion will be considered thereafter. 


METHODS 


Sciatic nerves from the frog Rana pipiens were used throughout this investiga- 
tion. Preparation of the tissue and the procedures followed to determine sodium 
and potassium have been described elsewhere (Hurlbut, 1958). Before the nerves 
were weighed and the ions extracted, the tissue was washed for 1 hour at 0-2°C. 
in a solution of 118 mm choline chloride and 1.8 mm calcium chloride. This procedure 
eliminates sodium and potassium from the extracellular spaces of a nerve and per- 
mits reliable estimates to be made of the cellular content of these ions (Hurlbut, 
1958). In those cases in which experiments had been carried out in hyper- 
tonic Ringer’s solution (220 mm sodium chloride or 110 mm sodium chloride plus 
110 mm choline chloride) the washing solution contained 230 mm choline chloride 
and 1.8 mm calcium chloride. 

Electrical stimulation and recording were carried out in the lucite chamber de- 
picted in Fig. 1. The nerve was slipped into the 1 mm. capillary drilled into the 
lucite block and was positioned so that its peripheral end lay on the more distal 
of two platinum recording electrodes that penetrated into the capillary. Two plati- 
num stimulating electrodes were mounted in the reservoir; the anode was in air, 
while the cathode dipped into the solution. A steady flow of fluid was maintained 
through the capillary by means of a motor-driven syringe. The top of the reservoir 
was sealed with a rubber stopper through which gas lines passed to provide a sup- 
ply of oxygen and carbon dioxide, and the chamber was placed in a box in which 
the temperature was maintained at 20 + 0.5°C. The strength of the electrical stim- 
ulus was supramaximal for both alpha and beta fibers. Tetanization was usually 
carried out at a rate of 50 shocks/sec. During rest periods the tissue was occasion- 
ally stimulated at a rate of 1 shock/sec. 

The standard Ringer’s solution contained 110 mm NaCl, 2.0 mm KCl, 1.8 mu 
CaCl, and 4.8 mm NaHCOs. It was buffered to pH 7.0 by equilibration with a gas 
mixture that contained 2 per cent CO:, 20 per cent O2, and 78 per cent Nz. The con- 
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centration of potassium was altered at the expense of sodium so that the sum of 
the concentrations of potassium and sodium chlorides was constant. The sodium 
concentration was reduced by replacing sodium chloride with an equivalent amount 
of choline chloride. Ringer’s solution containing sodium azide was prepared by sub- 
stituting sodium azide for an equivalent amount of sodium chloride. All nerves 
were equilibrated in the experimental solutions for 2 hours before stimulation was 
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Fic. 1. Schematic diagram of lucite stimulating chamber. The right side of the 
chamber was connected to a motor-driven syringe which maintained a constant 
flow of solution through the capillary from the large reservoir on the left. The ver- 
tical side arm on the right of the chamber was closed with a stopper so that during 
the course of an experiment the solution level in this column remained at approxi- 
mately the height to which it had been adjusted at the beginning of the run. 
































RESULTS 
Effects of Different External Concentrations of Sodium and Potassium 


Figs. 2 and 3 illustrate the ionic exchange that occurred in frog nerves during 
activity in Ringer’s solutions that contained various concentrations of sodium 
and potassium. To obtain these data both sciatic nerves from one animal were 
soaked in the same solution; one nerve was at rest while the second was stimu- 
lated. The differences between the sodium and potassium contents of the two 
nerves were taken as a measure of the changes in ionic distribution that were 
produced by the activity. The most striking feature of these data is the fact 
that the net changes in ionic distribution were reduced by increasing the 
potassium concentration from 0 to 8.5 mm, while varying the sodium concentra- 
tion between 55 and 220 mm had only slight effects. 

Fig. 4 depicts the time course of the decline of the amplitude of the com- 
pound action potential during stimulation in Ringer’s solutions that contained 
various concentrations of sodium, potassium, and choline chlorides. With the 
sodium chloride concentration near its normal value of 110 mm (upper portion 
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of Fig. 4), the decline of the action potential was greater the lower was the 
concentration of potassium. With potassium held fixed at a concentration of 2 
mM, replacing half of the sodium chloride with choline chloride had little effect 
on the failure of the compound action potential (compare the curve for 2 mu 
potassium in the upper part of this figure with that for 55 mm sodium chloride 
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Fic. 2. Effect of the potassium concentration of the bathing solution on 
the changes in the ionic contents of desheathed nerves stimulated for 1 hour at 50 
volleys/sec. Changes in ionic contents are calculated as (active nerve)-(resting 
control). The bar indicates + the standard deviation. Each point is the average 
of five experiments. 


in the lower half), while increasing the sodium chloride concentration to 220 
mm or adding 110 mm choline chloride increased the decline of the electrical 
response. It is not known whether the deleterious effects of the two latter 
solutions were due to the sodium or choline ions per se or were the result of the 
hypertonicity of the solutions. Raising the potassium concentration to 8.5 mM 
counteracted the effects of 220 mm sodium. In general the effects of these ions 
on the action potential paralleled the effects they exerted on the changes in the 
sodium and potassium contents of the stimulated nerves. 
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Since only small changes in ionic contents occurred during 1 hour of stimula- 
tion in 8.5 mm potassium, and the compound action potential held up well, a 
series of tests was carried out to determine whether a nerve would maintain 
itself in a steady state of ionic distribution during longer periods of activity in 
this concentration of potassium. In Fig. 5 are shown the temporal courses of 
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Fic. 3. Changes in ionic contents of desheathed nerves stimulated for 1 hour at 
50 volleys/sec. in Ringer’s solutions of various compositions. The changes in ionic 
contents are calculated as (active nerve)-(resting control). The bar indicates + 
the standard deviation. Each block is the average of five experiments. 


the decline of the amplitude of the compound action potential and of the 
changes in the sodium and potassium contents of nerves stimulated in Ringer’s 
solution containing 8.5 mm potassium. It is clear that the changes in ionic 
contents continued to develop for as long as 5 hours, and there were no indica- 
tions that a new steady state was being approached in this time. The amplitude 
of the action potential remained nearly constant for 244 hours and thereafter 
declined at a rate of approximately 10 per cent per hour. 

Fig. 6 illustrates the reversibility of the changes that occurred in the ampli- 
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tude of the compound action potential and in the sodium and potassium con- 
tents of stimulated frog nerves. To measure the recovery of the ionic distribu- 
tion, both nerves of a pair were stimulated in 2.0 mm potassium Ringer’s for 1 
hour at a rate of 50 volleys/sec. One nerve was analyzed at the end of this 
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Fic. 4. Decline of the amplitude of the compound action potential of desheathed 
nerves during tetanization at a rate of 50 volleys/sec. in Ringer’s solutions of vari- 
ous compositions. Data were normalized with respect to the amplitude measured 
immediately before beginning the tetanization. Each curve is the average of five 
experiments. For the experiments represented in the upper portion of this figure 
potassium was varied at the expense of sodium so that the sum of the concentra- 
tions of potassium and sodium chlorides was equal to 112 mm. 
































period of activity, while the second was allowed to rest in the solution for 
several additional hours. The differences between the sodium and potassium 
contents of these nerves were taken as a measure of the recovery that occurred 
in the second nerve during the rest period. The changes in ionic contents appeared 
to be fully reversible, although recovery proceeded slowly with a half-time 
of approximately 2 hours. The action potential recovered somewhat more 
rapidly. 
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Effects of 0.2 mm Azide 


Nerves with the Perineurium Removed.—Two techniques were employed to 
test the effect of 0.2 mm azide on the ionic shifts that occur during activity in 
desheathed nerves. In the first method both members of a pair of nerves were 
bathed in a Ringer’s solution that contained the inhibitor. One of the nerves 
was stimulated, while the second remained at rest, and the differences between 
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Fic. 5. Time course of the decline of the amplitude of the compound action po- 
tential and of the changes in ionic contents of desheathed nerves during tetaniza- 
tion at 50 volleys/sec. in Ringer’s solution with 8.5 mm potassium. Each point on 
the curve describing the changes in ionic contents is the average of five experiments 
+ the standard deviation. Action potential readings were normalized as in Fig. 4. 
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their sodium and potassium contents were used to measure the net ionic change 
that occurred during the activity. Table I-A compares the results of these 
experiments with the results that were obtained in the absence of azide, and 
which have already been presented in Figs. 2 and 5. From Table I-A it can be 
seen that 0.2 mm azide produced a small increase in the ionic exchange that 
occurred during an hour of activity in Ringer’s solution containing 2.0 mm 
potassium. However, this concentration of the poison had no effect when the 
tests were conducted in 8.5 mm potassium Ringer’s. 
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To secure the data of Table I-B both nerves of a pair were stimulated, one 
being washed in Ringer’s solution containing azide while the second was bathed 
in azide-free Ringer’s solution. The table shows that when these experiments 
were performed in Ringer’s solution that contained 2.0 mm potassium, those 
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Fic. 6. Time course of the recovery of the amplitude of the compound action 
potential and of the ionic contents of desheathed nerves after 1 hour of activity 
at 50 volleys/sec. in Ringer’s solution containing 2.0 mm potassium chloride. The 
initial points of the curves describing the recovery of the ionic contents are the av- 
erage changes in ionic contents that occurred during the activity. These points 
were taken from Fig. 2. Recovery is plotted with respect to these points, the quan- 
tity that was determined experimentally being the difference between these initial 
points and those at later times. Each point on the curves describing the changes 
in ionic contents is the mean of five experiments + the standard deviation. The 
action potential data were normalized as in Fig. 4. 


nerves that had been stimulated in the presence of azide contained slightly less 
potassium and a little more sodium than their mates. In Ringer’s solution that 
contained 5.0 mm potassium, however, no difference was detected between the 
two groups of nerves. Part of the effects observed at the lower potassium con- 
centration may have been unrelated to activity, since 0.2 mm azide may produce 
small changes in the sodium and potassium contents of resting nerves that are 
bathed in Ringer’s solution containing 2.0 mm potassium (Hurlbut, 1958). 
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When the potassium concentration of the Ringer’s solution was 2.0 or 5.0 
ma, the rate of decline of the amplitude of the compound action potential was 
not greatly affected by 0.2 ma azide. When the Ringer’s solution contained 8.5 
mM potassium and 0.2 mm azide, however, the spike height fell to 65 per cent 
of its initial amplitude after 214 hours of activity at 50 volleys/sec. As can be 


TABLE I 
Effects of 0.2 mu Aside on the Changes That Occur in the Sodium and Potassium Contents of 
Desheathed Nerves during Activity in Ringer’s Solutions with Various Concentrations 
of Potassium 
A fibers. 50 volleys/sec. Each result is the mean value obtained from five pairs of nerves. 
Figures in ymoles/gm. dry + s.D. 
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seen from Fig. 5, the action potential declined only slightly in this time in the 
absence of azide. 

Intact Nerves—A series of experiments was also undertaken with intact 
nerves to determine the effects of 0.2 mm sodium azide on the changes in the 
ionic contents that accompany activity. All these experiments were carried out 
in a Ringer’s solution that contained 2.0 mm potassium chloride. These nerves 
were placed overnight (16 hours) in a furnace maintained at approximately 
550°C., and the resulting ash was taken up in distilled water for a determination 
of the sodium and potassium contents of the tissue. The sodium content of 
these preparations, when referred to the dry weight, showed considerable 
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variation and was dependent upon the water content of the tissue. The sodium 
and water contents were correlated so as to suggest that the variations in these 
parameters may have been a reflection of variations in the size of the extracellu- 
lar spaces of the nerves. The data were found to be more uniform when referred 
to the wet weight, and for this reason they are presented here in these units, 
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Fic. 7. Time course of the changes in the ionic contents of intact nerves during 
and after stimulation at a rate of 50 volleys/sec. Recovery is plotted in the same 
manner as in Fig. 6, 


Since intact frog nerves are approximately 75 per cent water (Fenn ef al., 
1934; Hurlbut, 1958), the wet weight data may be converted to dry weight 
data by multiplying by four. 

Fig. 7 illustrates the temporal course of the changes that occurred in the ionic 
contents of these nerves during long bouts of activity and during subsequent 
periods of rest. The changes in ionic contents that occurred during the recovery 
were determined by the technique used for the desheathed nerves. The ionic 
exchange produced by 5 hours of activity appears to be at least partially 
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reversible, although this is not certain in the case of potassium. It can be seen 
that to produce ionic shifts of similar magnitude in intact and desheathed 
preparations, activity must be maintained for considerably longer periods in 
the former case. The small size of the changes observed in intact nerves may be 
due to two effects: (1) Slowing of the exchange of ions between the extracellular 


TABLE II 


Effects of 0.2 mm Aside on the Changes That Occur in the Sodium and Potassium Contents of 
Intact Nerves during Activity 


A fibers. 50 or 100 volleys/sec. 2 to 3 hours. Each result is the mean value obtained from 
five pairs of nerves. 
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TABLE II 


Sodium and Potassium Contents of Resting Desheathed Nerves Soaked in Ringer’s Solutions of 
Various Compositions 
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spaces of the nerve and Ringer’s solution because of the presence of the peri- 
neurium. (2) Increase in the concentration of potassium in the extracellular 
space reducing the ionic exchange as was observed with desheathed prepara- 
tions. 

Table II presents the results of the experiments that were performed to 
determine the effect of 0.2 mm azide on the ionic exchange of activity. In these 
experiments both members of a pair of nerves were bathed either in unmodified 
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Ringer’s solution or in Ringer’s solution that contained the inhibitor, and one 
nerve was stimulated while the second remained at rest. The azide had little 
effect on the changes in the ionic contents that were produced by activity in 
these preparations. 


Ionic Contents of Resting Nerves with the Perineurium Removed 


Table III summarizes the data that were obtained on the sodium and potas- 
sium contents of the resting desheathed nerves that had been used as the 
controls in the experiments reported here. It can be seen that appreciable 
changes in the ionic distribution of these nerves occurred in potassium-free 
Ringer’s solution and in Ringer’s solution that contained 220 mm sodium chlo- 
ride. Raising the potassium concentration to 8.5 mm reduced the ionic shifts 
produced by 220 mm NaCl in resting preparations. The other solutions pro- 
duced small changes of questionable significance. 


DISCUSSION 


The most interesting feature of the present data is the fact that the magnitudes 
of the changes in the sodium and potassium contents of stimulated frog nerves 
are dependent on the concentration of potassium in the bathing solution, while 
they are only slightly affected by changes in the external sodium concentration 
or by suppression of the activity respiration. These findings may be reasonably 
interpreted in terms of the ionic theory of the nerve impulse (Hodgkin, 1951). 
According to this hypothesis, the minimum change in the ionic contents that 
is produced by the passage of a single impulse along a nerve fiber is C,,V/F, 
in which C, = capacitance/unit weight; V = amplitude of the action potential 
in volts; F = faraday. Hodgkin (1951) has estimated C,, for frog nerves to be 
8 uw fd./gm. wet. Since the dry weight of intact frog nerves is approximately 
25 per cent of the wet weight, C, = 32 uw fd./gm. dry. The amplitude of the 
action potential is approximately 120 mv. (Huxley and Staimpfli, 1951 a). 
Therefore, after 1 hour of activity at 50 volleys/sec., the minimum change in 
the sodium and potassium contents should be: 

32 X 10-* x 0.12 


= = 50 60 60 = 7.2 ] . dry. 
AK = ANa 965 X 10° x Bx x pmoles/gm. dry 





-~If Tasaki’s (1955) measurements of the capacitance of single frog fibers are 
used, this figure is approximately doubled. The measured changes in the sodium 
and potassium contents of stimulated nerves are of the same order of magnitude 
as is predicted by these estimates. Therefore, it is not unreasonable to assume 
that the primary cause of these changes is the ionic exchange that accompanies 
each volley of impulses. Under any given set of conditions the net changes in 
ionic contents should represent the summation of the ion shifts that occur 
during each volley of action potentials minus any recovery of the ionic distribu- 
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tion that may occur during the interval between successive volleys. If this 
interpretation is correct, then the effects of various agents on the magnitudes of 
the changes in ionic contents may be explained in terms of changes in the 
quantities of ions that exchange during the action potentials or in terms of 
changes in the amount of recovery hypothesized to occur during the interval 
between successive volleys of action potentials. 

The ionic theory predicts that under various experimental conditions the 
quantities of ions that are transferred across the nerve membrane during an 
action potential are roughly determined by the amplitude of the action potential, 
provided that the experimental treatments produce no large changes in the 
magnitudes or time courses of the accompanying permeability changes. The 
results of Tasaki and Freygang (1955) and Tasaki and Mizuguchi (1949) 
indicate that at a node the action potential and impedance changes follow 
parallel time courses and are affected to approximately the same extent by 
various experimental treatments. In view of this parallelism between the two 
variables, it will be assumed that the effects of various solutions on the permea- 
bility changes are small as long as the effects on the action potential are small. 

If the active nodal membrane behaved as an ideal sodium electrode, then 
doubling or halving the external sodium concentration would change the 
magnitude of the overshoot by +30 per cent. The data of Huxley and Stimpfli 
(1951 @) indicate that under normal conditions the overshoot comprises only 
about 40 per cent of the amplitude of the action potential, so that these varia- 
tions in the external sodium concentration would change the action potential by 
only +12 per cent. The experimental data of Huxley and Staimpfli (1951 5) 
support this argument since they show that the magnitude of the nodal action 
potential is changed by only +10 per cent when the external sodium concentra- 
tion is increased 25 per cent or reduced by 50 per cent. If it is assumed also 
that the magnitude and time course of the permeability changes are not greatly 
influenced by changes in external sodium, then the quantity of sodium entering 
a nerve fiber during an impulse should be relatively insensitive to variations 
of the external concentration of this ion. 

Shanes (1956) has shown that the influx of potassium into desheathed toad 
nerves is reduced by 30 per cent when the external sodium concentration is 
reduced by 90 per cent, a rather small effect. It has also been demonstrated in 
giant axons of invertebrates (Hodgkin and Keynes, 1955) that the extrusion of 
sodium is not markedly affected by changes in the external concentration of this 
ion. This evidence suggests that variations in the external concentration of 
sodium should have little effect on any recovery processes that may operate 
to reverse the ionic movements that occur during an impulse. Our finding that 
the external concentration of sodium has little effect on the changes in ionic 
content that accompany activity in frog nerves is consistent with the observa- 
tions on the effect of this ion on the action potential and ion transport processes. 
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At low potassium concentrations the resting nerve membrane deviates con- 
siderably from the ideal behavior represented by the logarithmic relation 
between membrane potential and external potassium concentration. The data 
of Huxley and Stampfli (1951 6) show that potassium at concentrations up to 5 
mw has little effect on the action potential of single myelinated fibers. However, 
at a concentration of 10 mm this ion may reduce the amplitude of a response by 
40 per cent. Spyropoulos (1956) has shown that the duration of the action 
potential of single toad fibers increases several fold during tetanization at 
frequencies from 50 to 150 shocks/sec. It is conceivable that such effects be- 
come smaller at higher potassium concentrations, since we have observed that 
raising the potassium content of the Ringer’s fluid usually has a beneficial 
effect on a tetanized nerve trunk. Thus, it is possible that the effect of 8.5 mu 
potassium on the ionic exchange accompanying activity is due to a reduction 
in the amount of sodium and potassium that exchange during each impulse. 

Another possibility is that potassium affects the magnitudes of the changes in 
ionic contents by influencing the rates of recovery processes that may operate 
to restore the electrolyte distribution during the interval between successive 
impulses. The rate of extrusion of sodium from frog muscle (Keynes, 1954) and 
invertebrate giant axons (Hodgkin and Keynes, 1955) is related to the external 
concentration of potassium, the extrusion rate increasing with increases in the 
potassium concentration. Shanes (1957) has shown that the post-anoxic 
increase in the rate of sodium extrusion from toad nerve is dependent on the 
potassium content of the bathing solution. These findings suggest that the 
rates of any ionic recovery processes may be small in a potassium-free medium. 
Consequently, the changes in ionic distribution that are measured during 
activity in potassium-free Ringer’s solution should provide the best estimate of 
the ionic shifts that occur during an action potential. In the present case, the 
changes in the sodium and potassium contents that occurred during 1 hour of 
activity at 50 volleys/sec. in a potassium-free medium were 20 to 30 umoles/gm. 
dry, or 3 to 4 times those predicted by the calculations based on the value of the 
nerve capacitance. The changes in the sodium and potassium contents that 
occurred during an hour’s activity at 50 volleys/sec. in 8.5 mm potassium 
Ringer’s solution were 0 to 10 wmoles/gm. dry. If the small effect that was ob- 
tained at the higher potassium concentration were due to the acceleration of 
recovery processes that operate during the rest periods between successive 
volleys, then in Ringer’s solution with 8.5 mm potassium this recovery proceeds 
at an average rate of approximately 20 umoles/gm. dry/hr. 

Similar results are obtained using the data from the experiments in which the 
nerves were stimulated for 5 hours in Ringer’s solution containing 8.5 mM 
potassium. Thus, assuming that 25 uwmoles of sodium and potassium exchange 
during each hour of stimulation at 50 volleys/sec., the net changes in ionic 
contents after 5 hours of activity would be 125 umoles/gm. dry. In 8.5 mm 
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potassium Ringer’s solution, the observed changes in ionic contents after this 
time were approximately 30 umoles/gm. dry. Assuming the difference between 
these figures to be due to recovery, this recovery amounts to about 19 umoles/ 
gm. dry/hr. 

According to the measurements of Shanes and Berman (1955) and Shanes 
(1956) the sodium and potassium fluxes in resting desheathed toad nerves in 1.7 
mm potassium are 10 to 20 umoles/gm. dry/hr. The previous calculations in- 
dicate, then, that during tetanization at a rate of 50 volleys/sec. in Ringer’s 
solution containing 8.5 mm potassium, a nerve may absorb potassium at 2 to 3 
times the rate characteristic of the resting tissue in 1.7 mm potassium. 

It is possible that these explanations of the sparing action of potassium on 
the ionic shifts that accompany activity are not correct. There is no proof that 
the changes in ionic contents were due to the movements of sodium and potas- 
sium ions during each impulse, and there is no proof that any recovery occurs 
during the activity. However, the discussion shows that the present results may 
be reasonably interpreted in these terms. 

From the fact that 0.2 mm azide has little effect on the magnitudes of the 
ionic shifts that occur during activity it cannot be definitely concluded that the 
activity respiration of frog nerve does not normally serve to reverse the ionic 
shifts that accompany each volley of impulses. It is possible that non-oxidative 
chemical reactions substitute for the inhibited respiration. Unfortunately, 
the available data on lactic acid production and stores of ATP and creatine 
phosphate in frog nerve do not permit a definite decision as to whether or not 
these energy sources could take the place of the suppressed respiration. 

The work required to exchange 1 umole of sodium for 1 umole of potassium 
may be estimated from the formula (Levi and Ussing, 1949): 


Ks N 
W = 23RT E —* + log - =| x 107-8 
K, Na; 


in which 


R = gas contant in calories/mole-degree, 
T = absolute temperature. 


Subscripts i and o refer to inside and outside concentrations of sodium and 
potassium, respectively. 

Using the estimates for K; and Na; obtained by Hurlbut (1958) and solving 
this equation for an external potassium concentration of 8.5 mm, the result is: 
W = 2.2 X 10 cal./umole. The present data indicate that in Ringer’s solu- 
tion with 8.5 mm potassium, 0.2 mm azide does not increase the ionic exchange 
that occurs during 244 hours of activity at 50 volleys/sec. In this time the 
postulated ionic recovery has amounted to 50 umoles/gm. dry, requiring 0.11 
cal./gm. dry. 
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According to unpublished measurements by Dr. S. C. Cheng, intact frog 
sciatic nerves in Ringer’s solution containing 2.0 mm potassium increase their 
rate of production of lactic acid by 3.3 umoles/gm. dry/hr. when stimulated at a 
rate of 50 volleys/sec. in the presence of 0.2 mm azide (increase measured with 
respect to resting nerves in 0.2 mm azide). Assuming that the lactate was de- 
rived from glucose and assuming that the free-energy change accompanying the 
conversion of 1 mole of glucose to 2 moles of lactic acid is 58 kcal., this rate of 
glycolysis provides, in 244 hours, a free-energy yield of 0.24 cal./gm. dry. If it 
is assumed that 2 moles of ATP are synthesized for each mole of glucose 
utilized,’ and if the free energy of hydrolysis of the terminal phosphate bond of 
ATP is taken to be 8 kcal./mole (Kitzinger et al., 1957), the energy yield of the 
increased lactic acid production is 0.06 cal./gm. dry. 

The energy reserve represented by creatine phosphate and ATP may be 
computed to be 0.19 cal./gm. dry, if one uses the estimates of Gerard and 
Tupikova (1938) and Greengard ef a/. (1954) for the nerve content of these 
substances and employs the previous figure for the free energy of hydrolysis of 
the terminal phosphate bonds of these compounds. 

If one uses the smaller estimate for the energy provided by the extra lactic 
acid production, and assumes the efficiency of the ion transport processes to be 
50 per cent, then all the energy derived from the increase in the rate of glycoly- 
sis and the breakdown of nearly all the ATP and creatine phosphate would be 
required to account for the postulated recovery of the ionic distribution. How- 
ever, if the higher estimate of the glycolytic energy is applicable, then sufficient 
energy might be available to account for the hypothesized recovery. More 
information on the efficiency of glycolysis in living axons is required before a 
conclusion can be reached as to whether or not the lactic acid production and 
stores of ATP and creatine phosphate can substitute for the inhibited activity 
respiration. 

It should be stressed again that there is no proof that any appreciable re- 
covery of the ionic distribution occurs during the intervals between successive 
stimuli. If no resorting of ions occurs normally during these intervals, then one 
would not expect that the ionic shifts that accompany activity would be 
increased by suppression of the activity respiration. 


The authors are indebted to Dr. Frank Brink, Jr., for suggesting this problem, 
and we wish to thank him and Dr. C. M. Connelly for reading the manuscript and 
for the valuable advice they offered during the course of the work. We also thank 
Dr. C. S. Cheng for permission to quote his results on the lactic acid production 
of stimulated nerves. 


1 Handbook of Biological Data, (W. Spector, editor), Philadelphia, W. B. Saun- 
ders Co., 1956, 233. 
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RHYTHMICITY IN THE PROTOPLASMIC STREAMING OF A SLIME 
MOLD, PHYSARUM POLYCEPHALUM* 


I. A STATISTICAL ANALYSIS OF THE ELECTRIC POTENTIAL RHYTHM 
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ABSTRACT 


The electric potential difference (1 to 15 mv.) between two loci of the slime mold 
connected with a strand of protoplasm changes rhythmically with the same period 
(60 to 180 seconds) as that of the back and forth protoplasmic streaming along the 
strand. Generally some phase difference is observed between them. Periods of the 
electric potential rhythm show a Gaussian distribution. Amplitudes give a somewhat 
different distribution curve. Wave forms are not always simple harmonic ones, but 
are distorted more or less. However, auto-correlation analysis proves that there is a 
dominant rhythm of a nearly constant period which coincides with the mean period 
of the Gaussian distribution curve. Calculations made on an assumption that the 
electric potential rhythm is the result of many elementary rhythms (i.¢., same peri- 
odicity, arbitrary phase angles) distributed throughout the plasmodium, give a satis- 
factory coincidence with the observed distribution for the amplitude. The 
predominance of a rhythm of a nearly constant periodicity suggests the existence of 
well organized interactions among components of a contractile protein network, the 
rhythmic deformation of which is supposed to be responsible for the protoplasmic 
streaming and for the electric potential rhythm. 


One of the most characteristic properties of the plasmodium of the slime 
mold, Physarum polycephalum, is that it shows a remarkable back and forth 
protoplasmic streaming along a protoplasmic strand. Because of this typical 
pattern of protoplasmic streaming, as well as its large size and ease of cul- 
turing, the slime mold can be used as good material in studying the mecha- 
nism of protoplasmic streaming. Many interesting studies have been published 
recently on the biophysics and biochemistry of this organism. 

The electric potential difference between two loci of the slime mold con- 
nected with a strand of protoplasm changes rhythmically with the same 
period as that of the back and forth protoplasmic streaming along the strand 
(Kamiya and Abe, 1950). The rhythmic change in the potential occurs whether 
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the flow through the connecting strand is allowed to take place or is stopped 
by means of local blocking of the strand by application of a balancing pres- 
sure or CO, (Kamiya and Abe, 1950). On the other hand, an electric poten- 
tial difference (0.01 to 4.0 volts) of short duration applied externally along 
the plasmodium did not produce any noticeable effects on the wave pattern 
of the rhythm of protoplasmic flow (Kamiya and Abe, 1950). Therefore, the 
electric potential rhythm of this organism is not the direct result of the proto- 
plasmic flow (e.g. streaming potential), nor is it the direct cause responsible 
for the flow (e.g. electrophoresis). It is more reasonable to suppose that the 
electric potential rhythm is related to an innate mechanism which brings 
about the protoplasmic streaming. The author intends in this report to analyze 
the electric potential rhythm statistically. 


Material 


The plasmodium of Physarum polycephalum was used throughout the experiment. 
Most of the pieces for my preparations were taken from the tips of the plasmodia 
that had spread out over a wet filter paper in a Petri dish (30 cm. in diameter, 5 cm. in 
depth). At the center of the culture there was a generous supply of oatmeal (Camp, 
1936). The culture was kept at about 20°C. in an incubator. By replacing remnants of 
oatmeal which became dirty with slime and bacteria with a fresh supply of oatmeal 
every day, we could have kept the culture in good condition for months. Growth 
and spreading, however, changed with the age of the culture. There were also some 
differences in the strength of flow, its velocity, and its period among the small pieces 
in the different preparations. 


Apparatus 


A vessel which is shown in Fig. 1 was used for measuring the electric potential dif- 
ference between two parts of the plasmodium. This vessel which is made of glass was 
first used by Kamiya and Abe (1950) to study the strength of protoplasmic streaming 
of this organism. The vessel consists of two compartments, each with two arms, one of 
which is led to a direct current amplifier via a calomel electrode and the other of which 
is opened to the air. Above the partition between these two compartments, there is a 
thin channel 0.5 mm. in depth and in width. A piece of plasmodium (3 to 5 mm. in 
diameter) taken from the tip of the culture is placed on agar containing 0.001 m 
KCI in each of the two compartments. A protoplasmic strand connecting these two 
plasmodia is placed in the channel and sealed with white vaseline. Protoplasmic 
streaming here is observed with a microscope. Each compartment is covered with a 
glass plate (Fig. 1). The potential difference between two plasmodia was amplified by 
a direct current amplifier and was recorded with an electronic recorder (Yokogawa 
Electric Works, E. R. 121 type). The velocity of indication of this recorder is 5 seconds 
per full scale (20 cm. in length). However, as the recording was done, generally, within 
one-fifth of the full scale, possible errors arising from retardation in recording were 
negligible in our experiments in which potential rhythms of about 90 seconds in 
period were studied. Input impedance of the amplifier is more than 50 megohms, which 
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is large enough for the recording of the electric potential of this organism, as the 
resistance of the preparation is generally lower than 5 megohms. The stability of the 
amplifier was adequate, showing a zero point drift of less than 1 mv. in 10 hours. 


RESULTS 


At first we define the sign of the electric potential difference in such a way 
that the curve comes downwards when potential at B is higher than that at 
A and comes upwards in the reverse case. The direction of - protoplasmic 
streaming along the connecting strand is shown with upward arrows at the 
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Fic. 1. A vessel for measuring the electric potential rhythm of a slime mold, Phy- 
sarum polycephalum. 


time when it changes from A — B to B — A and with downward arrows at 
the time when it changes from B — A to A — B. 

One example of the time course of the electric potential rhythm after placing 
the sample in the vessel is shown in Fig. 2. At the early stage, the rhythm 
does not appear. After a while the rhythm appears, though it contains many 
irregularities. As the streaming along the strand becomes vigorous the elec- 
tric potential rhythm also grows. Such a time course is observed in every 
sample, although period and amplitude generally differ, to some extent, 


among the samples from different cultures or from the same culture at dif- 
ferent ages. 


The curve itself bears a striking resemblance to brain waves, except for its 
much longer period and comparatively large amplitude. The electric poten- 
tial rhythm is not always a simple harmonic one, but contains some irregu- 
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larities. In this case, however, protoplasmic streaming maintains a close cor- 
relation with the potential rhythm. In Fig. 2 the arrows which show the time 
when flow changes its direction were added in only a few places to avoid 
complexity in the figure. Protoplasmic streaming does not change its direction 
at the time when the potential difference changes its sign, but usually a cer- 
tain amount of phase difference is observed between them. In addition to 
this potential rhythm of about 1.5 minutes in period, potential drifts of much 
longer periods are generally observed. 

For convenience, we can define the period of the electric potential rhythm 
as the time interval between two adjacent troughs and the amplitude as the 
vertical distance from the top of a peak to the line connecting adjacent troughs 


Amplitude 



































' 
Period 
Fic. 3. Definitions of the period and the amplitude of the electric potential rhythm. 


(Fig. 3). Sometimes it may be difficult to determine the period accurately 
when the wave pattern is much distorted. In such cases each time interval 
when the flow changes its direction can be referred to. 

Amplitude and wave form of the potential rhythm are not constant, but 
change from time to time. The period also is not always constant throughout 
its time course (Fig. 2). 

It is necessary to use a great many waves in order to obtain an accurate 
distribution curve for the period or for the amplitude. However, growth or 
development of this organism during an experiment may change its physio- 
logical condition and this will bring about, more or less, changes in the dis- 
tribution curves. In Fig. 2 we can divide the potential rhythms, tentatively, 
into two groups: one group is from the middle of line 1 to the middle of line 3 
where the amplitudes of the rhythms are evidently small, and the other is 
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Fic. 4. Distribution curves for the period and the amplitude of the electric potential rhythm at 
shown with histograms. The curve drawn for the amplitude distribution was calculated with Equ- 
tions (9) to (11). A = 4.76 mv., Aw = 3.8 mv., 4 = 0.186 mv. The calculation was made only fo: 
(3), (4), (5), and (6) in Fig. 2 when a steady state is supposed to be attained. 


























. . . . . . . . . bad 


Time Marks,5 min, 

Fic. 5. Injury potentials brought about by piercing or by cutting one part of the 
plasmodium. The height of injury potential seems to depend on the magnitude of 
injury to the plasmodium, but is generally less than 90 mv. At 14.5°C. 
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the rest, where the amplitudes are comparatively larger than those of the 
first group. Plotting the number of waves of a given period against the period, 
we can get two Gaussian distribution curves (Fig. 4 a). With regard to the 
amplitude, the distribution curve is somewhat different (Fig. 4 0). 

If the plasmodium at B is pierced or cut by a fine glass rod, an injury po- 
tential of —90 mv. or less can be observed (Fig. 5). This injury potential, 
however, does not last long, as in the case of muscle fibers, nerve cells, or 
many other cells, for the electric potential of this organism recovers its initial 
value in a few minutes. This recovery phenomenon can be explained by as- 
suming that a new protoplasmic membrane has been formed at the injured 
surface (Diannelides and Umrath, 1953; Tauc, 1953, 1954). The electric po- 
tential rhythm continues after and probably during the occurrence of the 
injury potential. 

From these results, we can asume that the potential difference across the 
protoplasmic membrane of the plasmodium consists of two terms. One is the 
usual static membrane potential of about 90 mv., which corresponds to the 
injury potential and the other is the rhythmic potential change which is 
closely related to the mechanism of protoplasmic flow. Accordingly, the po- 
tential difference across the membrane of plasmodium at A and at B can 
be expressed by equations (1) and (2) respectively. 


Eu = (alo + ae-sin(wt + a) (1) 
Ep = (es)o + de-sin(wt + By) (2) 


The first terms in these equations correspond to the static membrane poten- 
tials and the second terms correspond to the rhythmic potential changes of 
each plasmodium. Usually, the rhythmic potential changes at A and at B do 
not occur in phase. Therefore, we distinguish these by adding phase angles 
a, and f; in these equations. As shown in Fig. 4 a the period of the potential 
rhythm fluctuates around an average period; i.e., T, (angular velocity w, is 
2m times reciprocal of T,). Accordingly, we can suppose that the angular 
velocity of the potential rhythm takes, at a time, a value w, + Aw, in which 
Aw stands for deviations from the average angular velocity. w is not neces- 
sarily equal at A and at B. Probably, the amplitudes, a; and 5,, also change 
with time. 

The potential difference actually observed by means of the experimental 
arrangement shown in Fig. 1 is the difference between these two potential 
differences; i.e., (1) — (2) (Fig. 6). If we regard w as a random variable which 
is independent of time and consider that random deviations from ow, (i.¢., 
Aw) are involved in fluctuations of phase angles a, and 8; (i.e., a frequency- 
modulated wave can be treated as a phase-modulated wave), this quantity 
can be expressed with equation (3). 
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= {(€a)o — (€a)o} 
+ az-sin(wet + Aw-t + a) — dy-sin(wot + Aw’-t + By) 
{(ea)o — (€n)o} + cersin(wot + Aw”-t + ¥%) 
{(ea)o — (ep)o} + ce-sin(wt + 2) (3) 


Again, angular velociey (w) and amplitude (c;) are quantities which vary 
randomly in time around mean values. 








L._ LL 


Fic. 6. A diagram of the electric potential difference of a slime mold, Physarum 
polycephalum, placed in the vessel shown in Fig. 1. (e4). is the static membrane 
potential and a; is the amplitude of the rhythmic potential change and Ez is the 
resultant electric potential change of the plasmodium at A. (eg)., b: and Es at B 


have meanings similar to those of A. The observed electric potential change is the 
difference between Ex and Ez. 


The potential rhythm actually observed in Fig. 2 corresponds to the second 
term in equation (3). The first term in equation (3) corresponds to the dif- 
ference between the static membrane potentials across the plasmodium at 
A and at B. This quantity is not always constant but changes from time to 
time with much longer period as shown in Fig. 2. Such potential drifts are 
brought about by a tendency of the plasmodium to go from A to B or from 
B to A in entirety. It was observed actually that the duration of flow in one 
direction was more vigorous and a few seconds (2 to 20 seconds) longer than 
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that of reverse direction at the time when such potential drifts occurred. At 
present we should like to consider only the rhythmic potential change. 

Autocorrelation Function of the Electric Potential Rhythm.—In order to 
analyze the potential rhythm statistically, we must look for its autocorrela- 
tion function first. This method is generally used in order to find some hidden 
periods or regularities in a curve which contains many irregularities (e.g. 
seismic waves, solar noises, etc.). As mentioned above, our chief concern is 
with the potential rhythm, not with the potential drift of much longer period. 
It is desirable to eliminate the contribution of the latter. This can be done 
by drawing a line which divides the curve of potential rhythm in such a way 
that the area covered by a rhythm above the line is equal to that of the adja- 
cent rhythm below the line and then replotting the potential rhythm against 
this line. Three representative curves replotted with such a treatment are 
shown in Fig. 7. There are three cases: (a) the rhythm is comparatively regu- 
lar, (b) it is more or less distorted, (c) it contains many irregularities. In (a) 
and (6) the plasmodium kept a discal or fan-shaped form, while in (c) it ex- 
tended so widely as to form a network of protoplasmic threads. If we call 
the function representing this curve f(/), the autocorrelation function R(r) is 
the time average of f(t)-f(t + 7) and can be defined by equation (4). 


’ 


a 1 7 
R(t) = f) - f+ 7) = lim 7 [ f(t) - flt + 7) dt (4) 
0 


T-2 


Practically, the integral in equation (4) can be substituted for by the follow- 
ing summation: 


N—m 


1 , - 
R(mA) = —— Do fn Int m (5) 


— n=l 


Here f(t) is given at a definite time interval, 4 = 0 ~— T, and its values at 
small time intervals A = 7/N are fi, fo, --+ , fw. 

If we plot R(r) against 7, we get the curves shown in Fig. 8. These curves 
do not damp so quickly as do those of seismic waves or noises. When the 
plasmodium does not extend too widely, the curve of the autocorrelation 
function R(r) against + shows a predominant period (Fig. 8 a and 8 b). One 
thing which should be noted here is that the period obtained with this process 
coincides with the average period 7, of the original curve (Fig. 7). On the 
other hand, the curve for the autocorrelation function is generally complex, 
when the plasmodium extends so widely as to form a network of protoplasmic 
threads (Fig. 8 c). Such a situation is generally attained about 10 hours or 
more after placing the sample in the vessel. In this case the potential rhythm 
is not single, but contains several rhythms of different periodicities. 

These results enable us to conclude that a potential rhythm of a definite 
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periodicity is dominant in the plasmodium so long as it does not extend too 
widely. However, when the plasmodium does extend so widely as to form a 
network of protoplasmic threads, several dominant rhythms of different 
periodicities can coexist in a plasmodium. 

Period and Amplitude Distribution of the Electric Potential Rhyihm.—From 
the analysis made above, it is clear that there is a dominant period in the 
electric potential rhythm so long as the plasmodium does not extend too 
widely. Fluctuations in the wave form can be regarded as originating from 
labile changes in phase angles, a; and #;, and from deviations of the period 
from its mean period. In other words, the measured period of the potential 
rhythm fluctuates around a dominant period (7.), resulting in a Gaussian 
distribution for the periods. 

In a record such as Fig. 7, the changes in phase and amplitude have an 
apparent progressive temporal change over many minutes. When the instan- 
taneous periods and amplitudes are measured and plotted as in Fig. 4 a, }, 
such apparent regularities in the temporal changes of phase angle and ampli- 
tude are neglected. Further analysis of the temporal sequence of the devia- 
tions from the mean of the phase and amplitude would be needed to indicate 
whether these are randomly distributed in time. The following theory relates 
to an electromechanical model that accounts only for the probability dis- 
tributions in Fig. 4 a, b, and assumes that the recorded fluctuations are ran- 
domly distributed in time. 

According to Tasaki and Kamiya’s experiment (1950), an electric stimulus 
to the plasmodium brings about only local electric response, which does not 
propagate to other regions. Also, the electric potential difference between any 
two places in a plasmodium shows a rhythmic change (Tauc, 1954). There- 
fore, the electric potential changes at different parts of the plasmodium can 
be summated. Referring to these results we can assume that the electric po- 
tential rhythm of the plasmodium is a resultant of a vast number of elementary 
rhythms, the periods of which are assumed nearly constant (1.e., 7, = 27/w,), 
but their phases can take arbitrary values. Such elementary rhythms are 
supposed to be the results of contraction and expansion of each submicro- 
scopic network constructed by the contractile proteins in the plasmodium. 
The phase angle of each elementary rhythm is assumed to vary in time about 
a mean value. Furthermore, one may assume that the amplitude of each ele- 
mentary rhythm is constant. Such a random variation of phase of each ele- 
mentary process will produce a Gaussian distribution of period and/or ampli- 
tude of the recorded sum of the elementary processes. Of course, the amplitude 
of each elementary process may also vary randomly in time, but this addi- 


tional variation would not be necessary to account for the observed fluctua- 
tions. 


Such elementary rhythm can be expressed, generally, with vectors in a 
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Fic. 8. Autocorrelation curves for the three examples shown in Fig. 7 are plotted 
against amounts of time lapse, r. When the plasmodium does not extend too widely, 
the curve shows the dominance of a definite periodicity (Figs. 8a and 8 5). On the 
other hand, when it extends so widely as to form a network of protoplasmic strands 
(Fig. 8c), several rhythms of different periodicities can coexist in the plasmodium. 


complex plane; i.e., 2; = x + jy (7 = ~/—1). Then the resultant rhythm is 
expressed as follows:— 


Z=X+)Y, X= x, Y¥=2yi (6) 
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The absolute value of the vector corresponds to the amplitude of the rhythm. 
As the phase of each elementary rhythm is assumed to vary in time, the 
magnitude and sign of the components of the elementary vector, x; and 4;, 
change in a random way. Consequently, the phase and amplitude of the sum- 
mated elementary rhythms vary statistically, the mean period indicating an 
inherent constant frequency. Thus 


Z=Z (xi + jy) 


(7) 
ami > a; eilot+? (0) 
é 


Speaking exactly, w is a random variable which fluctuates around a mean 
value w, (i.e., Gaussian distribution). Therefore, equation (7) can be written 
in a form such as the second terms in equations (1) to (3), in which w varies 
randomly in time around w,.. However, if we suppose that random deviations 
from w, (t.e., Aw) are involved in the fluctuations of phase angles, equation 
(7) can be rewritten as follows:— 


Z= e,! P a; ei” 


. (8) 
= e,' a; (cos 6;'(é) +7 sin 0,’(#) 


The first term on the right corresponds to the common rhythm, of angular 
velocity w,, and the phase angle 6’,(¢) varies randomly in time about a mean 
value. (As mentioned above, a; could also vary randomly in time, but this is 
not necessary.) 

Thus, the magnitude and sign of the components of an elementary vector, 
x; + jy, change in various ways. For such a situation Gauss’s theory of errors 
can be applied. Then, the probability that X . between X and X *g dX or ¥ is 
between Y and Y + dY can be expressed by —=-¢*'-dX or —=-e€” -d¥ 

vi Ti ™ 
in which f# is a constant. Accordingly, the compound probability that X is 
between X and X + dX and that Y is between Y and Y + dY is the product 


2 
of these two probabilities; i.e., = 1 MANY) ax-dY. If we express this in polar 


2 
coordinates, the compound probability is = -¢ 4". 4-dA-d®, in which A is 


the amplitude and 0 is the phase angle of the resultant vector. Integrating this 
from 0 to 27 about ©, we can get the probability that A is between A and 
A + dA as follows:— 


WdA = 2Ae*4*dA (9) 


This equation was first derived by Motokawa and Mita (1942) and is known 
as the law of amplitude in electroencephalography. The arithmetical mean 
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value of theamplitude, A, whichis calculated with the equation A = dinA i/N 


(m; is the number of waves whose amplitude is A; and N is the total number 
of the waves) can also be derived from equation (9) as follows:— 


«© 
A= 2 [ A? e743 G4 = 4/z/2h (10) 
0 


The most frequent amplitude, A,, or “mode” of the amplitude distribution 
curve can be calculated from equation (9) using a condition dW/dA = 0. 


Am = 1/h-/2 (11) 
A and Aj» are related to each other by means of the following equation 
Am/A = /2/e = 0.798 (12) 


At a time interval at which a steady state is supposed to be attained (i.e, 
(3)2 + (4) + (5) + (6) in Fig. 2), the calculation made with equations (9) 
to (12) gives a satisfactory coincidence with the experiment (Fig. 4 5). The 
calculation, however, does not give a satisfactory coincidence for the electric 
potential rhythms at the early stage after the plasmodium has been placed in 
the measuring vessel (7.e., (1) + (2) + (3): in Fig. 4 5). Perhaps, this may be 
due to the fact that too many rhythms of smaller amplitude are counted in the 
histogram and that the assumptions made in the calculations cannot hold for 
such a transitional stage. 

Growth or development of the plasmodium which is supposed to occur in 
the time course (i.e., 8 hours) of the electric potential rhythm will change the 
physiological condition more or less and the mean period (7.) shows, gene- 
rally, a tendency to increase to some extent (Fig. 4 a). 


DISCUSSION 


According to Kamiya and Abe’s experiment (1950) and the results reported 
above, it is quite reasonable to suppose that the electric potential rhythm is 
closely related to an innate mechanism which brings about the protoplasmic 
streaming along the strand. 

Glancing at the curve of the electric potential rhythm, we notice that its 
period, amplitude, and wave form are not constant, but change from time to 
time. Analyzing the electric potential rhythm with the autocorrelation function 
method, we find that a rhythm of nearly constant period is dominant. This 
result enables us to assume that the potential rhythm can be expressed by the 
second terms of equations (1) to (3), the period of which varies randomly in 
time around a mean value (7,) determined with autocorrelation analysis 
(Fig. 8). 

Kamiya (1942, 1953) found waves two, three, and four, etc. times the funda- 
mental frequency by Fourier type analysis, although he did this on the periodic 
changes in balancing pressure necessary to stop the flow along the connecting 
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strand, and not on the electric potential rhythm. This information may be 
useful for correlation with visible events at various parts of the plasmodium. 
However, actual electric potential rhythm is not constant, but shows an ap- 
parent progressive temporal change and randomness over many minutes 
(Fig. 2). A Fourier type analysis alone is not sufficient to analyze such a 
rhythm. 

In any event, the fact that a dominant rhythm of a definite periodicity exists 
which corresponds to the mean period of the Gaussian distribution curve 
seems to show that each portion of the protoplasm of the slime mold does not 
behave independently, but that there is an organization among them. How- 
ever, when the slime mold extends so widely as to form a network of proto- 
plasmic strands, several dominant rhythms of two or three different periodic- 
ities can coexist in a slime mold, and one example is shown in Fig. 8 c. 

With regard to the mechanism of protoplasmic streaming, the author takes 
the following viewpoint which has been discussed by several authors. The 
protoplasmic streaming is maintained by the contractile proteins in the proto- 
plasm (Seifriz, 1942, 1943; Goldacre and Lorch, 1950; Goldacre, 1952; Loewy, 
1949, 1950, 1952; Frey-Wyssling, 1949, 1953, 1955). The rhythmic deformations 
of contractile protein networks in the plasmodium are not synchronous nor 
perfectly random in their phases, but may be properly distributed along the 
canals in the plasmodium. In other words, if waves of contraction and ex- 
pansion of submicroscopic networks of contractile proteins move along in one 
direction, protoplasmic streaming in this direction can be realized. This will be 
discussed in some detail in the next paper (Kishimoto, 1958). The flows from 
some of these canals in the plasmodium are supposed to pour into the connecting 
strand in our experiment, resulting in a vigorous streaming through it. 

Generally in the process of molecular deformation (i.e., folding and unfolding, 
or contraction and expansion) of contractile proteins or polyelectrolyte gels, 
change in ionic concentration occurs. Such a process will bring about a rhythmic 
change of local electric potential of the slime mold. These potential rhythms 
are distributed throughout the plasmodium and each contributes as a whole 
to a potential rhythm of the plasmodium. 

With the image of the mechanism of protoplasmic streaming of the slime 
mold introduced here, we can explain, at least qualitatively, some aspects of 
its electric potential rhythm. 


The author wishes to acknowledge his indebtedness to Professor N. Kamiya for his 
criticism and encouragement throughout this investigation, to Professor K. Fushimi 
(Department of Physics) for his theoretical suggestion, and to Dr. S. Harada (De- 
partment of Mathematics) for his mathematical advice and discussion. 
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RHYTHMICITY IN THE PROTOPLASMIC STREAMING OF A SLIME 
MOLD, PHYSARUM POLYCEPHALUM* 


Il. THEORETICAL TREATMENT OF THE ELECTRIC POTENTIAL RHYTHM 


By UICHIRO KISHIMOTO 
(From the Depariment of Biology, Osaka University, Osaka, Japan) 


(Received for publication, July 15, 1957) 


ABSTRACT 


The electric potential difference (1 to 15 mv.) between two loci of the slime mold 
connected with a strand of protoplasm changes rhythmically with the same period 
(60 to 180 seconds) as that of back and forth protoplasmic streaming along the strand. 
When atmospheric pressure at a part of the plasmodium is increased (about 10 cm. 
H,0), the electric potential at this part becomes positive (0 to 20 mv.) to another part 
with a time constant of 2 to 15 minutes. If the atmospheric pressure at a part of the 
plasmodium is changed (about 10 cm. HO) periodically, the electric potential rhythm 
also changes with the same period as that of the applied pressure change, and the 
amplitude of the former grows to a new level (i.e., forced oscillation). The electric 
potential rhythm, in this case, is generally delayed about 90° in phase angle from the 
external pressure change. The period of the electric potential rhythm which coincided 
with that of the pressure change is maintained for a while after stopping the applica- 
tion of the pressure change, if the period is not much different from the native flow 
rhythm. Such a pressure effect is brought about by the forced transport of protoplasm 
and is reversible as a rule. In the statistical analysis made by Kishimoto (1958) and 
in the rheological treatment made in the report, the rhythmic deformation of the 
contractile protein networks is supposed to be the cause of the protoplasmic flow along 
the strand and of the electric potential rhythm. The role of such submicroscopic net- 
works in the protoplasm in various kinds of protoplasmic movement is emphasized. 


The cells, in which we can study the protoplasmic movement, all show sol- 
like inner protoplasm (plasmasol) and a gel-like outer protoplasmic layer 
(plasmagel). Microscopic granules are in lively movement (i.e., Brownian 
movement or flow) in the endoplasm where the viscosity is considered to be 
comparatively low, while in the outer protoplasmic layer they are motionless. 
According to Goldacre (1952) and Goldacre and Lorch (1950), the protein 
molecules are in a folded state in the endoplasm, and in an unfolded state in 
the ectoplasm. However, a “folding and unfolding” mechanism alone is per- 

* Supported by a Grant for Fundamental Scientific Research from the Ministry of 
Education. 
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haps not enough to bring about an organized protoplasmic movement. Each 
contractile protein in the protoplasm may perhaps maintain an organized 
framework which would assist some aspects of protoplasmic flow (Seifriz, 
1942, 1943, 1953; Frey-Wyssling, 1949, 1953, 1955). Therefore, we can assume 
that there dre “couplings” among contractile proteins, though perhaps not 
so strong as those in muscle cells. Accordingly, protoplasmic movement such 
as streaming is an object of rheology. 
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Fic. 1. A vessel for measuring the electric potential rhythms of a slime mold, 
Physarum polycephalum, is shown with pressure control systems and with a recording 
system. 


In the preceding paper the author showed that there is a close correlation 
between the electric potential rhythm and the protoplasmic streaming of a 
slime mold, Physarum polycephalum (Kishimoto, 1958). In this present paper, 
some facts about the electric potential rhythm of the slime mold and theo- 
retical treatment of them will be reported. 


Material and Apparatus 


The plasmodium of Physarum polycephalum was used throughout the experiment. 
The method of recording the electric potential rhythm is the same as described in the 
previous report (Kishimoto, 1958). In order to control the rate of the protoplasmic 
flow along the connecting strand the atmospheric pressure at B compartment was 
changed artificially. This was carried out by pressing a rubber aspirator by hand or by 
moving a syringe coupled to a phonomotor through a reduction gear as shown in Fig. 1. 
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RESULTS 


We define the sign of the potential difference in such a way that the curve 
comes downwards when the potential at B is higher than that at A and comes 
upwards in the reverse case. The direction of the protoplasmic streaming is 
shown with upward arrows at the time when its direction changes from A — B 
to B— A and with downward arrows at the time when it changes from B — A 
to A — B. 

Pressure Effect—When the atmospheric pressure is increased at a part of a 
plasmodium, the electric potential at this part becomes, with no exception, 
positive to other parts. In other words, if the atmospheric pressure at B is 
increased in a single step about 10 cm. H,O against that of A with a pressure 
control device (Fig. 1), the electric potential at B becomes positive, i.e. 0 to 20 
mv., to A (Fig. 2). A similar result can be obtained even if we study the effect 
by filling each compartment with 0.001 m KCI solution (Fig. 2 6). However, 
if the connecting strand is very thin or if the protoplasmic streaming through 
the strand is very weak or suspended abnormally, the pressure effect is not 
remarkable, although the electric potential rhythm can be observed as usual. 
Therefore, we can suppose that the effect is brought about by the forced proto- 
plasmic flow through the connecting strand due to the uneven application of 
external pressure. This phenomenon is generally reversible. 

Although the back and forth protoplasmic streaming is continuous during 
this process, a certain net amount of the protoplasm is certainly transported 
to A judging by the fact that the protoplasmic flow from B to A is much 
stronger and is of much longer duration than that in the opposite direction at 
the early stage of this process, although at the steady state these are nearly 
equal. As shown in Fig. 2, the neutral line of the potential rhythm goes upwards 
or downwards with a time constant of 2 to 15 minutes. The potential rhythm, 
however, keeps on going as before. Therefore we can assume that the slow 
potential drift is a measure of a slow unidirectional flow of protoplasm that 
occurs with the same time course. The following equation will be adopted for 
the movement of the protoplasm along the strand 


E+ BE+ CE=F (1) 
F=0 for? = 0 
= k-AP for t > 0 


€ is the displacement of the protoplasm along the strand, é is its velocity, and 
£ is its acceleration. J, B, and C are assumed as constants which are related to 
the physical properties of the protoplasm. In the strict sense, however, these 
are not constants, but will change more or less with time, because the plas- 
modium changes its form to some extent during experiment, which is also true 
for the connecting strand. Therefore, we must be content here with studying 
the qualitative aspects of flowing through the strand. The first term, JE, of the 
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left side of this equation corresponds to the force of inertia of the flowing 
protoplasm, Bé to the frictional force, and Cé to the elastic force. F stands for 
the force due to the imposed pressure difference which forces the protoplasm 
to flow in a direction, B — A. The solutions of equation (1) are as follows:— 


b= K - Ape! . sin (4/(5) el (2) . ) (2) 
Yi 2J 
K-AP{. (eit : Cc B\ 
Gy annie ia (B/2)t . " 
Q con {e g-e sin (4/(5) si (=) t+o )} (3) 


tan g = +/(C/J) — (B/2J)? /(B/2J) 

















—— 


ee 





Fic. 3. Displacement (£) and velocity (£) of the flowing protoplasm are plotted in 
arbitrary units as ordinate against time as abscissa using equations (2) and (3). 


K is a constant and ¢ is the phase lag of the displacement of the protoplasm 
with respect to the applied pressure change. 

These relationships are shown graphically in Fig. 3. If the atmospheric 
pressure at B is increased, i.e. AP, a certain amount of protoplasm is forced to 
flow towards A. This forced transport of the protoplasm, however, never does 
continue so far that the whole of the protoplasm at B disappears, but it stops 
after a certain amount of the protoplasm has been transported. The rhythmic 
protoplasmic streaming can be observed again at this steady state. 

At the steady state the inner pressure at A, (i.e., ~2), will be equal to 


ba = Pot Ta (4) 
while the inner pressure at B, (i.e., ~,), is equal to 


fh = fo + AP + Ts 





OP = P-sin; 
P=10.5 cx 
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Fic. 4. Examples of “periodic pressure effect.” (a) the period of the applied external pres 
21.0°C.) that of native rhythm. 


1228 


min, 


21/36) 
m. H20 








little la 






AP = p-sin(207/144)t 
P=10.5¢m.H20 






























| 


- e e + e 7 . e . 


Time Marks, 5 min. 








min. 


21/36)t ¢ 
m. H,0 









































Time Marks, 1 min, 


res little larger than (at 21.0°C.), (6) just the same as (at 24.5°C.), (c) much shorter than (at 


1229 


1230 PROTOPLASMIC STREAMING OF SLIME MOLD. II 


in which , is the original atmospheric pressure and 74 and 7’; are the pressures 
due to the tension of the outer protoplasmic layer at A and at B respectively. 
At the steady state these two should be equal. 


bo t+ Ta = fo + AP + Tp 


T, = Ts + AP (6) 


Therefore, the tension of the outer gel layer of the plasmodium at A will be 
higher than that of B at the steady state. Or it can also be supposed that the 
protoplasm at A becomes more densely packed on the average than it is at B. 
Anyway, the electric potential difference at the part where the atmospheric 
pressure is higher is always positive to the other part. This result may be 
explained by saying that the electric potential is decreased at A where the 
protoplasm is more densely packed than at B. 

What will happen if the atmospheric pressure at B is changed periodically? 
Three representative examples are shown in Fig. 4: (a) the period of the ap- 
plied external pressure is a little longer than, (6) just the same as, and (c) much 
shorter than the period of the native electric potential rhythm. The amount of 
applied external pressure (i.e. amplitude) is about 10 cm. H,O in (a) and (c). 
In (6) the balancing pressure which is necessary to stop the flow (generally 
less than 20 cm. H,0) is applied. 

The electric potential shows a response which is a forced oscillation. The 
protoplasmic streaming along the strand is forced to flow at the same pace as 
the external pressure change and becomes more vigorous than before ((a) 
and (c)). One thing which should be noted here is that the pattern of the electric 
potential change can be modified by the uneven application of the external 
pressure. However, the pressure effect, whether the pressure is applied in a 
single step or periodically, is supposed to correspond, in general, to a change in 
the static membrane potential (i.e. (e4), and (eg). in equations (1) and (2) 
of the preceding report (Kishimoto, 1958)) and is not supposed to be a result 
of alterations in the rhythmic mechanism of the protoplasmic streaming. 
Periodic change in density from compression by protoplasm at A or at B is 
supposed to be the cause of such electric potential changes. Again, the electric 
potential is always negative where the protoplasm is thought to be more 
densely packed owing to compression by transported protoplasm. 

Another notable result is that the electric potential change goes, generally, 
behind the applied pressure change about 90° in the phase angle. Such a phe- 
nomenon could be observed in every sample, notwithstanding the former 
phase relation which is not always retardation, but more probably a phase 
advance, as will be discussed later. Therefore, Kamiya anb Abe’s conclusion 
(1950) that the electric potential change occurs about 90° later than the flow 
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rhythm may not be true on undisturbed samples, as their experiment was 
done by applying a balancing pressure. 

Plotting the period and the amplitudes in the process of the periodic pressure 
effect against successive waves in numerical order, we can get Fig. 5. The 
period of the electric potential rhythm is defined as the time interval between 
adjacent troughs and the amplitude as the vertical distance from the top of a 
peak to the line connecting adjacent troughs. The amplitude is increased during 
application of the pressure as the result of forced oscillation. It is worth while 
to notice that the period, having become equal to that of the applied pressure 
change at B, is maintained for a while after stopping rhythmic pressure appli- 
cations. Perhaps, the forced transport of the protoplasm has had some effect 
on the rhythm of contraction and expansion of the contractile protein net- 
works in this case. In other words, the rhythm of the latter might have been 
entrained by that of the former. Such a phenomenon is more evident, if the 
period of the applied pressure change does not differ too much from that of 
the native rhythm. 

Phase Difference between the Electric Potential Rhythm and the Protoplasmic 
Streaming.—As for the existence of a close correlation between protoplasmic 
streaming and electric potential change, Watanabe, Kodachi, and Kinoshita 
(1937) reported in some detail on a slime mold, Didymium nigripes. Using the 
microelectrode technique, they found that the electric potential at the posterior 
end (tail) of the plasmodium was negative to the anterior end (head). From 
the fact that granules in the protoplasm are generally negatively charged, 
they claimed that the protoplasm was forced to flow towards its head, where 
the electric potential is positive with respect to its tail (7.e., an electrophoresis 
theory of protoplasmic streaming). According to them, therefore, the electric 
potential rhythm creates the rhythmic streaming. 

On the other hand, Kamiya (1942, 1950, 1953) devised a double chamber 
method, by which he measured the balancing pressure necessary to stop the 
flow and concluded that he could measure the motive force of the protoplasmic 
flow with it. Measuring the electric potential change simultaneously with the 
motive force of flow (i.e., by applying balancing pressure), he claimed that the 
electric potential change lags behind the rhythmic flow. Because of this and 
because the externally applied electric potential (0.01 to 4.0 volts) of a shorter 
duration did not give any noticeable effect on the wave pattern of the motive 
force of flow, he denied the electrophoresis theory of protoplasmic flow. How- 
ever, as mentioned in the preceding paragraph the applied balancing pressure 
retards the electric potential rhythm about 90° in phase angle from the former 
(Fig. 4 b), and his evidence is therefore anything but convincing, at least, for 
the phase relation. 

Ordinary phase relations between electric potential rhythm and flow rhythm 
are shown in Fig. 6. The most frequent is the case in which the flow changes its 
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Fic. 5. Changes in period and in amplitude in Figs. 4 ¢ and 4 ¢ are plotted against successive wave. 
Amplitude becomes greater during the application of periodic external pressure change. Protoplasmi 
flow in this process evidently becomes stronger than before (i.e., forced oscillation). Period coincides with 
that of the applied external pressure change. If the period of external pressure change is not so mud 
different from that of native rhythm as in Fig. 4 a, the modified period remains for a while even afte 
removing the pressure change. 
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direction from A — B to B— A at each peak (Fig. 6 a). In some cases, how- 
ever, other phase relations were also observed (Fig. 6 6 and 6 c). Such a phase 
relation is not always constant during the time course of the rhythmic proto- 
plasmic streaming, but often changes temporarily. 

The velocity distribution of the protoplasmic flow along the strand was ob- 
served to take the form of non-Newtonian passive flow (Kamiya, 1950). Ac- 
cordingly, we can assume that the motive force of the protoplasmic flow along 
the strand locates mainly at each plasmodium and not at the connecting strand. 
The strand, however, can never be regarded as a mere resistance to the proto- 
plasmic flow, but it should be regarded as an impedance element, because the 
flow takes place through it, changing its direction alternately. As protoplasm is 
well known to have a viscoelastic property, the following equation for the proto- 
plasmic movement through the strand will be applied 


ye + BE + CE = Mssin wot (7) 


f, &, and é are displacement, velocity, and acceleration of the protoplasm in the 
strand. Three terms on the left side of this equation have meanings similar to 
those of equation (1). M sin wef is the motive force of the protoplasmic flow 
which is assumed to be located at each plasmodium blob. The solution of this 
equation at steady state is as follows:— 


M sin wol 





t= 
B+j (Jo. - =) ” 


j stands for the square root of —1. Equation (8) shows that there is a certain 
amount of phase difference between the velocity of flowing protoplasm and 
the rhythmic change in motive force of protoplasmic flow. 

The analysis made on the pressure effect has shown that the average time 


course of the response can be expressed by e~”’™”* and its damping overshoot 
g 


is expressed by sin (1/(C/J) — (B/2J)?-t) (equations (2) and (3)). Adopting 


120 seconds for the period of the protoplasmic flow, Jw, — c is generally a 
Wo 





positive quantity and much greater than B.! Then, according to equation (8), 
the change in velocity of the protoplasmic flow along the connecting strand 
should be delayed about 90° in phase angle from the changes of the motive 
force which is located mainly at each plasmodium blob. 


1 As the time constant of the electric potential drift due to the pressure effect is 
generally about 10 minutes (Fig. 2 a), (B/2J) = (1/60-10) = 1/600. On the other 
hand, as the period of damping overshoot is generally greater than 30 minutes (Fig. 
2a), (C/J) s (B/2J)* + (24 /60-30)? = (1/600)? + (24/1800)? = 5/(600)*. Then, 
Jie — (C/iro) = (F/w)(w% — (C/J)) = (i /wo)((24/120)* — 5/(600)?) = 
(J /w)(24/120)? = Jw, > 0. As B/2J = 1/600, B/Jw. = (2/600)(120/2r) = Kix <1. 
Therefore, we can suppose: Jw, — (C/w.) > B > 0. 
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From the viewpoint that the protoplasmic flow is brought about by the 
contraction of an organized framework of contractile proteins in the protoplasm, 
the motive force is the result of such a mechanochemical process. In accom- 
paniment with such a mechanochemical process, ions will be released or rebound, 
which will give rise to changes in membrane potential almost at the same time. 
Then, it may be quite reasonable to suppose that the electric potential change 
precedes the protoplasmic flow along the connecting strand. Therefore, if 
we assume that the electric potential decreases when the protoplasmic net- 
works are in a contracted state, the flow along the connecting strand occurs 
towards the electrically positive side about 90° later than the electric potential 
change, as shown in Fig. 6 a. Similar observations were made on another slime 
mold, Didymium nigripes, by Watanabe, Kodachi, and Kinoshita (1937). 

As stated earlier, variations in phase relation between the electric potential 
rhythm and the flow rhythm are often observed (Fig. 6 b and 6 c). This fact 
makes it difficult to suppose that the protoplasm is forced to flow towards 
A simply because the plasmagel at B contracts like a pressed rubber ball. The 
motive force of the protoplasmic flow along the connecting strand should be 
understood in the following way. Protoplasmic streamings along many rami- 
fying canals in the plasmodium biob pour into the connecting strand, resulting 
in a vigorous flow through it. Such a summated force of flowing at the end of 
the strand is supposed to correspond to the motive force of the protoplasmic 
flow along the strand. As the electric potential change is a vector sum of all 
elementary rhythms in the plasmodium (Kishimoto, 1958), while the proto- 
plasmic flow along the connecting strand does not always depend on all the 
elementary rhythms, such variations in phase angle as shown in Figs. 6 6 
and 6 ¢ are also expected. 

Building Up a Rhythm of a Definite Periodicity.—At the steady state, when 
the protoplasmic streaming along the strand is vigorous, the electric potential 
rhythm has a dominant period (Kishimoto, 1958). At the early stage, however, 
after placing a plasmodium in the vessel, the potential rhythm is weak and 
shows many irregularities (Fig. 7). At this stage the protoplasmic flow along 
the strand has not yet begun and the protoplasmic streamings along the canals 
in the plasmodium blob are in a state of disorder. Protoplasmic connections 
between the two plasmodia and the connecting strand are not yet numerous 
enough. As the rhythmic flow begins to take place along the strand the electric 
potential rhythm also grows gradually in amplitude and regularity in period 
is increased (Fig. 7). 

In the beginning elementary rhythms of flowing in different parts of a plas- 
modium are supposed to occur with their own period, amplitude, and phase. 
If, however, some of the periods happen to coincide with the characteristic 
period T, of the flow rhythm of the whole plasmodium, they will grow greater 
and greater. Neighboring elementary rhythm will be forced to change by this 
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strong oscillation. With such a process an organized protoplasmic flow of nearly 
constant periodicity is supposed to be built up. 
Forced oscillation of this type can be expressed with equation (9) 


Jibs + Biks + Cis = Misin wet (9) 
&; is the displacement of protoplasm due to the elementary flow rhythm at a 
canal, not at a connecting strand in this case, of the plasmodium, §£; is its 
velocity, and £; is its acceleration. Such an elementary rhythm is forced to 


change by the strong force of the flow rhythm, the period of which is equal to 
the characteristic period (T.). w, is the characteristic angular velocity (w, = 


Time Marks, 2.5 min. 


Time Marks, 2.5 min. 
Fic. 7. Building up the electric potential rhythm after placing the slime mold in the 
vessel shown in Fig. 1. This phenomenon occurs generally with the start of vigorous 
protoplasmic flow along the connecting strand. (a) at 21.0°C. and (6) at 20.0°C. 


24/T.). J:, B;, and C; have meanings similar to those of J, B, and C of equation 
(7), but are generally different from the latter in magnitude, as in this case the 
protoplasm in a canal of the plasmodium blob, not in the connecting strand, 
is the object of study. Actually, the protoplasmic flow through a canal in the 
plasmodium is comparatively slow and is surrounded by a thick gel layer, 
while it is remarkably vigorous in the connecting strand and is surrounded by a 
comparatively thin gel layer. The solution of equation (9) is given as follows:— 


t; = Aje™ sin (wt + a) + Bysin (wot — €,) (10) 
tan €; = wo(Bi/Ji)/{(Ci/J) — w2} 





oi = V(Gi/Ii) — (B,/2J,)? 


An elementary flow rhythm will soon die out with the time constant A, if 
its period is different from 7,. Each elementary flow rhythm will be forced to 
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move with the same period (i.e., T,) after a time. It goes, generally, behind the 
compulsory force (i.e., phase retardation, ¢;). A similar mechanism is sup- 
posed to occur also in the submicroscopic rhythms of deformation of contractile 
protein networks, the frequency of which may be much greater than that of 
the actual flow rhythm as will be discussed later. In this way the rhythm of a 
definite periodicity is supposed to grow up to a certain level. Accordingly, it 
is possible to suppose that elementary flow rhythms, if not the same in ampli- 
tude or phase among themselves, are distributed throughout the plasmodium 
and contribute, as a whole, to an organized streaming system. If we assume 
that the left side of equation (9) corresponds to the movement of protoplasm 
along the connecting strand and the right side to the force given to the plas- 
modium at B by the periodic external pressure change, the experiments shown 
in Fig. 4 (i.e., periodic pressure effect) may be explained in the same way as 
stated above. 


DISCUSSION 


It has been shown above that several facts about the protoplasmic streaming 
of Physarum polycephalum can be explained with a linear theory. The linear 
theory, however, fails to answer the question of the stability of the rhythm 
in the strict sense. The way in which non-linearity is introduced into the 
equation will be the problem to be studied in the future. As this is generally 
very difficult, it might be better, at present, to show a qualitative explanation. 
A trial, however, was made by Minorsky (1948) in the study on the stability 
of mechanical oscillation, introducing an equation which involves non-linear 
terms due to a feed-back mechanism. He obtained a solution of the equation in 
a form, & = dsr Sin (Wert + Gr), at the steady state where average balance 
per cycle between the energies absorbed and the energy dissipated is reached. 
The amplitude, a,,, the angular velocity, w,,, and the phase angle, ¢,,, at the 
steady state, however, are not constant as they are in the linear theory, but 
these quantities fluctuate around constant values. Such a treatment is very 
important because it seems to explain why the period of the electric potential 
rhythm shows a Gaussian distribution, and why the amplitude and the phase 
angle are not constant (Kishimoto, 1958). 

Recently, the author found a close correlation between the protoplasmic 
streaming along the strand and the electric impedance changes of each plas- 
modium blob (Kishimoto and Fukui, 1954). Although the electric potential 
rhythm was not measured, simultaneously, it is certain that the impedance 
and the potential difference change almost at the same time judging from their 
phase relations to the rhythm of protoplasmic streaming. Such an impedance 
change or electric potential change is supposed to be the result of mechano- 
chemical processes in the plasmodium. From this and from the analysis made 
in this report, we can suppose, with good reason, that the electric potential 
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change and the protoplasmic streaming are two different results of the same 
mechanism; 1.e., the rhythmic deformation of contractile protein networks in 
the plasmodium. Although the electric potential change is thought to occur 
without retardation, mechanical changes such as flow along the strand will be 
delayed to some extent. 

With regard to the existence of the networks of contractile proteins in the 
plasmodium, there is no decisive experiment at present to identify it. How- 
ever, actomyosin-like contractile proteins were found by several authors 
(Loewy, 1949, 1950, 1952; Ts’o et al., 1956 a, 1956 b, 1957; Nakajima, 1956). 
The metabolic pattern of Physarum is very similar to that of muscle cells 
(Ohta, 1954). Electron microscope studies on the protoplasm of Physarum show 
the existence of network-like structure (Sponsler and Bath, 1953; Kishimoto 
and Terada, 1956). However, such submicroscopic networks of the contractile 
proteins may be labile compared with those of muscle cells. But they may be 
strong enough to maintain a structural continuity, contributing to the estab- 
lishment of a coordinated streaming such as flow. 

Within the outer rim of the plasmodium, we can see that there is a sheet of 
protoplasm and this sheet as it approaches the center part of the mass becomes 
a reticulum consisting of many ramifying canals. Protoplasmic streaming 
through each of these canals seems to occur at the same pace, at least when 
the plasmodium is not so large. According to Seifriz’ time lapse motion picture, 
the plasmodium of Physarum pulsates like a beating heart. Whether the pul- 
sation is the cause of or the result of the protoplasmic flow, there should be 
rather strong coupling among parts of the protoplasm in order to maintain 
such an organized movement. The waves of pulsation propagate in one direc- 
tion and then back through the plasmiodium. One part of the force of flow 
summed up in this way is given to the strand connecting two plasmodia, 
resulting in a strong forced streaming of protoplasm through it. 

Ameboid movement may be brought about by a similar mechanism. An- 
other type of protoplasmic movement such as cyclosis of Nitella or Elodea 
may also be under the control of the rhythmic contraction of contractile pro- 
tein networks in the flowing protoplasm, although in this case the protoplasmic 
flow is a one way traffic along the cell wall. One possible explanation of the 
mechanism of such a coordinated movement of protoplasm is to assume that 
there is a suitable phase lag for each successive rhythmic contraction in the 
direction of flow. For such a situation Seifriz proposed the existence of many 
rhythms of different periodicities (1942). However, this is not always neces- 
sary, and seems to be less probable, if we consider the rather strong couplings 
among contractile proteins in the plasmodium (Kishimoto, 1958). An as- 
sumption of suitable phase relations for each rhythmic contraction along the 
canal in the direction of flow is enough to explain the establishment of the co- 
ordinated flow. Some of the metabolic energy is consumed in maintaining the 
mechanism of contraction and expansion of contractile protein networks. 
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With regard to the location of such a coordinated mechanism of contraction, 
many authors suppose it to be at the gel layer. If so, it is very difficult to ex- 
plain another type of protoplasmic flow such as cyclosis. Actually in the Niiella 
cell, protoplasm flows along the cell wall. The thickness of the plasmagel layer 
of this cell, if it really exists, is less than 0.5 yw. The tonoplast is also very thin 
and cannot be supposed to be highly elastic. In order to compel the protoplasm 
which is about 10 uw thick to flow, these two membrane should deform remark- 
ably. However, this cannot be observed. Therefore, we must discard this trial 
to look for the seat of motive force of protoplasmic flow in the plasmagel layer, 
at least in the case of cyclosis of Nitella cell. Even in slime mold and in ameba, 
there is evidence against the plasmagel contraction theory for the proto- 
plasmic flow. Contraction should shorten and therefore smooth out the surface 
of plasmagel at the posterior end as it is emptied of protoplasm. However, 
photographs of slime mold (Seifriz, 1942) and of ameba (Abe, 1957) showed 
that the periphery of the plasmagel at the posterior end is wrinkled, whereas 
the periphery of the expanded protoplasmic mass at the anterior region is 
smooth. Wrinkling of the periphery with a decrease in volume due to loss of 
protoplasm indicates that there has been no change in the total surface area 
and therefore, no essential role for contraction of plasmagel in the proto- 
plasmic flow. The so called sol endoplasm is rather viscous and elastic com- 
pared with a liquid and shows a structural continuity (Seifriz, 1942). There- 
fore, it is more reasonable to suppose that the plasmagel and plasmasol both 
have the ability to contract and that the plasmasol is flowing as a thixotropic 
sol, while the plasmagel remains as a gel because of its denser packing. Micro- 
scopic observations on the plasmodium generally show that the thickness of 
the outer gel layer in the strand changes, more or less, with time and that 
the inner region has an appearance of being melted away. These two states 
of protoplasm are easily interchangeable and there seems to be no structural 
difference except a difference between a denser packing or a looser packing. 

Many questions, however, remain to be answered. Namely, how is the 
elementary flow along the canal brought about by the rhythmic deforma- 
tion of contractile protein networks in the protoplasm? Why is the proto- 
plasmic flow of the slime mold of the back and forth type, while it is cyclosis 
(i.e., one-way traffic type) in other plant cells such as the Nitella or Elodea 
cell? What is the factor which determines the period of the back and forth 
protoplasmic flow? 

In order to study the protoplasmic movements on unified ground, the 
author made the following speculation. Ts’o ef al. (1957) reported that the 
myxomyosin, i.e. contractile protein of Physarum polycephalum, is an ellipsoid 
(70 X 4500 A). According to Kishimoto and Terada’s electron microscopic 
picture (1956) of the plasmodium, a large number of globular proteins (500 
to 700 A in diameter) form a three dimensional network-like structure or a 
somewhat regular aggregation. This difference may be due to difference in 
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the method of preparation, i.e. purified protein was used in the experiments 
of Ts’o et al., while Kishimoto and Terada used crude protein solution. In 
any case, if we assume that these proteins displace about 300 A in each oscil- 
lation (t.e., amplitude of submicroscopic oscillation), and the velocity of the 
displacement is 50 to 100 uw per second (about same as that of protoplasmic 
flow along the canal), and that the oscillation is a simple harmonic curve 
(i.e., & = a,-sin 27 (4 _ *), x is distance along the direction of flowing, 
d is wave length), the frequency of such an oscillation can be calculated as 
260 to 530 cycles per second. There is no decisive evidence, at present, to 
identify the existence of such a rhythm. However, the impedance measure- 
ment made by Iwamura (1952) on this organism with varying A.c. frequency 
showed that there was a reactance maximum at about 400 cycles per second, 
which seems to show the existence of some process that absorbs energy maxi- 
mally per cycle at such a frequency. This process may perhaps correspond to 
the submicroscopic deformation of contractile protein networks. 

As the velocity of propagation of such a wave (i.e., phase velocity, and 
not the actual velocity of displacement of the contractile protein networks) 
may be very great, a “standing wave” will appear along the canal. There- 
fore, node and loop (7.e., regions of contraction and of expansion of submicro- 
scopic networks) come successively along the canal. If both ends of the canal 
are fixed ends for the wave, node and loop will not move along the canal. 
Then, no actual net flow will occur. However, when one end, A, is a fixed 
end, while another end, B, is a free end, node and loop will move towards B 
In this case, energy flow is greater in a direction (A — B) than in the reverse 
direction; that is, protoplasmic flow towards B will be realized. Such a flow 
of protoplasm along a canal may bring about an accumulation of protoplasm 
at the anterior end of the canal, where the protoplasm will be compressed by 
the flowing protoplasm. If the protoplasm is packed closely at the anterior 
end in this way, this end will change into a fixed end for the wave. On the 
other hand, a reverse change (i.e., from fixed end into free end) is supposed 
to occur at the posterior end, where the degree of compression might have 
been decreased considerably due to the protoplasmic flow towards the anterior 
end. Then, reversal of flow direction will occur. If the phase reversals at each 


end of the flowing bring about an actual back and forth protoplasmic flow in‘ 


this way, each time interval at which the end of flowing is changed from free 
to fixed end for the wave will determine the period of the flow rhythm along 
the canal. Then, the period of protoplasmic flow should depend closely on 
the physical or mechanical properties of the flowing protoplasm itself and of 
the plasmagel. 


If it so happens that one end, A, of the plasmodium does not change easily 
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into a fixed end because of some change in its physical properties, the time 
for net flowing towards A will be longer than the reverse flowing. In such a 
situation the plasmodium moves towards A as a whole; i.e., taxis. On the 
other hand, if one end, A, is kept as a fixed end (i.e., gelated state due to ap- 
plication of some agents) for a long time, the plasmodium will show a tend- 
ency to escape from A. In the case of cyclosis (i.e., the Niiella or Elodea cell) 
where no such phase reversals occur in any part of the protoplasm, the proto- 
plasm continues to flow in only one direction. In order to explain a unidirec- 
tional flow strictly, it is very necessary to suppose the non-linearity of the 
submicroscopic oscillation (i.e., greater displacement in one direction and 
smaller displacement in the reverse direction, or quick contraction and slow 
expansion). Such a non-linearity comes not only from the difference in bound- 
ary conditions between the posterior end and the anterior end, but also from 
the fact that protoplasm moves in one direction as the result of submicroscopic 
oscillation. Anyway, if we can suppose that protoplasmic flow is necessary 
not only for the locomotion of the organism, but also for its growth and de- 
velopment, the existence of submicroscopic oscillation (about 400 cycles per 
second in frequency) may be very important for the probability of enzymatic 
reactions (i.e., metabolism, protein synthesis, etc.). There is, generally, a 
very close parallelism between the activity of growth or development and 
of protoplasmic flow. 

The velocity of protoplasmic flow is 50 to 100 uw per second along ramifying 
canals, while it is as great as 1000 w per second along the connecting strand. 
The period, however, is about 100 seconds and it does not vary too much 
among many flow rhythms. Then, the amplitude of flow rhythm is calculated 
to be 0.7 to 1.4 mm. along the canal and 1.4 cm. along the strand. Actually, 
protoplasm does not always move from one end to the other end of a canal 
or strand in a half-period, but reverses its direction at the half way. Such a 
situation can be understood easily, if we observe the protoplasmic flow along 
a long strand which can reach 15 cm. or more in its development. The velocity 
and the period of protoplasmic flow along such a long strand do not differ 
so much from those of the usual connecting strand. Therefore, it is impossible 
to suppose that the protoplasm can travel such a long distance; i.e., 15 cm. 
along the strand in a half-period. Generally, the protoplasm can move, as a 
structural unit, only a certain distance along the canal or along the strand 
in a half-period. This may correspond to the wave length or to the distance 
between two nodes of submicroscopic oscillation. Pulsation of the plasmodium 
in a time lapse motion picture may perhaps correspond to the rhythmic dis- 
placement of node and/or loop of the submicroscopic oscillation. The period 
of the former is equal to that of the actual rhythm of protoplasmic flow. 

As assumed earlier the electric potential rhythm is supposed to be the 





1242 PROTOPLASMIC STREAMING OF SLIME MOLD. II 


result of the deformation of submicroscopic networks of contractile protein. 
On the average this will be lower when protoplasm is in a state of contrac- 
tion and higher at the time of expansion. Therefore, it will be negative at a 
“tail” and positive at a “head” of flowing. If the protoplasm is compressed 
by flowing at the head, this part will be changed to a state of condensation 
or new tail and the electric potential will become negative to the former tail. 
The electric potential change, however, is not localized at head or at tail, 
but should be observed at any place along the strand as would be expected 
from the mechanism of protoplasmic flow discussed above. Actually, Tauc 
(1954) observed that the electric potential of any one part of the isolated 
strand placed on agar changed periodically against agar. Such a rhythm of 
electric potential occurs in every subdivided canal or strand, contributing to 
the resultant electric potential rhythm as shown in the previous report 
(Kishimoto, 1958). 

As stated above, there should be couplings among each contractile protein 
in the protoplasm in order to maintain an organized protoplasmic movement 
such as flow. Fig. 8 a and 8 b are the schemes of two representative types of 
protoplasmic flow: the one is for ameboid movement where the flowing proto- 
plasm is surrounded by a thick layer of plasmagel (e.g., slime mold or ameba) 
and the other is for cyclosis where the flowing protoplasm is in touch with 
the thin plasmagel layer only at one side (e.g., the Nitella or Elodea cell). 
Networks in these figures should be understood as three dimensional ones. 
The actual structural organization of protoplasm may be more complex. 
However, as any organized protoplasmic movement can never be realized 
without regularity, exaggerations of this were made in these figures. Many 
protoplasmic inclusions (i.e., nuclei, mitochondria, microsomes, etc.) have 
been omitted to avoid complexity. At the layer of plasmagel the contractile 
proteins (expressed with black circles) are in denser packing and couplings 
among them are comparatively strong as expressed with the full lines. On 
the other hand, such intermolecular couplings are loose in the flowing plasmasol 
and these are expressed with the dotted lines. At the boundary region (i.e., 
transition zone), the sol =— gel transition (thixotropy) is supposed to take 
place easily due to the shearing force between the plasmagel and the flowing 
plasmasol. If the strength of couplings among such contractile proteins changes 
periodically, intermolecular distances also will be changed periodically, re- 
sulting in a submicroscopic rhythm of contraction or expansion of the con- 
tractile protein networks. If such a submicroscopic wave of contraction moves 
in one direction as discussed above, the protoplasmic flow in this direction 
will be realized. There seems to be no essential difference between these two 
types of protoplasmic flow. The plasmasol itself has the ability to flow actively 
along the layer of plasmagel. 

The author wishes to emphasize the importance of the role of submicro- 
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Fic. 8. Schemes of protoplasmic streaming: (a) of ameboid movement (i.e., slime 
mold, ameba), and (b) of cyclosis (i.e., Nitella, Elodea). @, contractile protein; 
oe , intermolecular couplings are strong; , intermolecular couplings are 
weak or in some places these are torn off (i.¢., in transition zone). If waves of con- 
traction and expansion of such submicroscopic networks move entirely along in one 
direction, protoplasmic streaming in this direction will be realized. See text. 
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scopic networks constructed by the contractile proteins in the endoplasm in 
various kinds of protoplasmic movements. 


The author wishes to acknowledge his indebtedness to Professor N. Kamiya for his 
criticism throughout this investigation, to Professor K. Fushimi (Department of 
Physics) for his theoretical suggestion, and to Dr. S. Harada (Department of Mathe- 
matics) for his mathematical advice and discussion. 
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ABSTRACT 


The sensory nerve ending in the Pacinian corpuscle is surrounded by a non-nerv- 
ous capsular structure which occupies about 99.9 per cent of the corpuscle’s entire 
mass. After extirpation of practically all of the non-nervous structure, the sense 
organ’s remains continue to function as a mechano-receptor, namely to produce 
generator and all-or-nothing potentials in response to mechanical stimuli. Compres- 
sion of the first intracorpuscular node of Ranvier abolishes the production of “all- 
or-nothing” potentials in the corpuscle. Graded generator potentials constitute 
then the only response to mechanical stimulation. This reveals that the first node 
is the site of origin of the all-or-nothing potential and that the non-myelinated end- 
ing is incapable of producing all-or-nothing responses in response to mechanical 
stimulation. Compression of the entire length of non-myelinated ending suppresses 
the production of generator potentials. Partial compression of the ending abolishes 
mechano-responsiveness only of the compressed part. The intact remains of the 
ending continue to give generator potentials upon mechanical stimulation. This 
suggests that the generator potential arises at functionally independent membrane 
parts distributed all over the non-myelinated nerve ending. 24 to 36 hours after 
denervation of the corpuscle by transection of its sensory axon, no sign of electric 
activity is detected. Failure of mechano-reception at the nerve ending precedes 
that of conduction at the degenerating myelinated axon. 


INTRODUCTION 


In a large number of receptors such as the Grandry, Meissner, Golgi-Mazzoni, 
Herbst, and Pacini corpuscles, a well organized adventitious structure (hence- 
forth called end organ) surrounds the sensory nerve ending. The mass of the 
end organ is by far greater than that of the nervous tissue of the sense organ. 
The question of what is the end organ’s function goes back to the early days of 


* Supported by research grants from the National Institute of Neurological Dis- 
eases and Blindness, U. S. Public Health Service (B-1466-R1); the National Cystic 
Fibrosis Research Foundation; and the National Science Foundation. 
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sensory physiology. Many kinds of functions have been attributed to the ad- 
ventitious structure. Among other things, it has been regarded as an amplifier 
of stimuli, as a supporting and protecting element of the nerve ending, and often 
as being responsible for receptor ‘specificity.’ The main points at issue may be 
summarized by the following question: does the end organ play an active part 
in reception, namely in the chain of events which transduce stimuli into nerve 
impulses, or is its action merely a passive one? This question has here been asked 
for the case of the Pacinian corpuscle. The end organ of this mechano-receptor 
is extraordinarily large. Its volume is of the order of 0.0001 cc. in an average 
corpuscle. It is therefore possible to dissect away parts or almost all of the end 
organ, while at the same time the mechano-responsiveness of the corpuscle’s 
remains is tested. It will be shown that the corpuscle can dispense with practi- 
cally all of its end organ, 7.e. with more than 99.9 per cent of its total structure, 
without losing its characteristics as a mechano-receptor. 

Little is known about the mechanisms by which mechanical stimuli are con- 
verted into nerve impulses at receptors. But in recent years it has become clear 
that two kinds of electrical signals accompany mechano-electric conversion: a 
graded depolarizing (generator) potential and an all-or-nothing (regenerative) 
potential. This has been shown in four different mechano-receptors, such as the 
frog muscle spindle (Katz, 1950), the Pacinian corpuscle of cats (Alvarez- 
Buylla and de Arellano, 1953; Gray and Sato, 1953), and the fast and slow 
stretch receptor nerve cells of crustacea (Kuffler, 1954; Eyzaguirre and Kuffler, 
1955). In the Pacinian corpuscle the generator potential follows with a brief 
and apparently fixed latency after the deformation of the sense organ, its 
magnitude being a function of the deformation. As in other excitable structures, 
so here the transition from the generator to the regenerative potential occurs 
abruptly when the former reaches rapidly a certain critical height (Loewen- 
stein and Altamirano-Orrego, 1958 5d). 

This paper presents a study of the sites of origin of the generator and regener- 
ative potential in the Pacinian corpuscle. In several excitable tissues the genera- 
tor potential appears to arise at membrane sites whose properties are different 
from those at which the regenerative potential is produced. (See Grundfest, 
1957 b, for a review.) An example of particular relevance to the present work is 
that of the crustacean stretch receptor nerve cell; the dendrites of this receptor 
cell produce generator potentials, but there is no evidence for production of 
regenerative potentials in them (Eyzaguirre and Kuffler, 1955). There are good 
reasons why a separation in origin of the generator and regenerative potentials 
may also exist in Pacinian corpuscles (Diamond, Gray, and Sato, 1956; 
Loewenstein, 1958). The Pacinian corpuscle offers a special advantage for a 
study of the sites of origin of its electrical activity: the intracorpuscular nerve 
fibre and, specially, its non-myelinated ending are fairly long and straight; 
both can be observed in vivo with considerable detail under a phase contrast 
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microscope. Approximately two-fifths of the afferent nerve fibre inside the 
corpuscle is covered with myelin, one node of Ranvier being usually intracor- 
puscular (Quilliam and Sato, 1955); the remaining terminal portion has no 
visible myelin (see Fig. 1). The greatest advantage of the preparation lies in 
the accessibility of the nerve fibre and ending for compression. This allowed us 
to block the electric activity, in response to mechanical stimuli, of selected 
myelinated or non-myelinated portions of the intracorpuscular axon by applying 
pressure onto them. It will be shown by this procedure that the generator 
and regenerative potentials of the Pacinian corpuscle arise at well defined and 
clearly separated areas; t.e., at respectively the non-myelinated terminal and 
the first intracorpuscular node of Ranvier. Evidence will also be given indicating 
that the membrane sites which produce the generator potential are scattered 
as functionally independent units all over the non-myelinated nerve ending. 

Preliminary reports of the present experiments appeared elsewhere (Loewen- 
stein and Rathkamp, 1957, 1958). 


Methods 


Pacinian corpuscles of the cat’s mesentery were isolated together with a length 
of sensory axon. They were set up in a bath containing an oxygenated Krebs’s solu- 
tion covered with mineral oil (Fig. 1). Mechanical stimulation was provided by 
the deflection of an electrically driven piezoelectric crystal. A glass stylus (S) at- 
tached to the crystal transmitted the deflections to the corpuscle. Brief pulse-like 
deflections of 1 msec. duration, and continuously variable between 0 and 45 yu, were 
available for stimulation. The electric activity of the receptor was led off with a 
fluid electrode at the point of axon emergence from the corpuscle, and a platinum 
electrode (E,). Under these conditions a local potential produced at the non-mye- 
linated nerve ending, namely a generator potential, has to spread over an average 
distance of 450 uw of intracorpuscular myelinated axon before reaching the record- 
ing electrode. A detailed description of the set-up, and general procedures of dis- 
section, stimulation, and recording have been given in a previous paper (Loewen- 
stein and Altamirano-Orrego, 1958 d). 

In the experiments in which parts of the corpuscle were removed, it was neces- 
sary to visualize structural details such as peripheral and core zones of the capsule, 
myelinated and non-myelinated nerve portions, and intracorpuscular nodes of Ran- 
vier, The greatest clarity of observation was obtained when a phase contrast mi- 
croscope was used. For some experiments, darkfield and polarized light combina- 
tions also proved satisfactory. This had the advantage over the phase contrast 
method in that a stereomicroscope could be used. 

For the dissection of the capsule, a thin peripheral layer of the capsule was slit 
in the direction of the corpuscle’s longitudinal axis. A hull containing a few outer 
lamellae could then be stripped off the corpuscle and be pulled away along the axon 
without strangulating the latter. By repeating this procedure several times, the 
structure of the peripheral zone could be removed leaving the inner core exposed. 
(See Fig. 2.) The initial stages of dissection were done by hand with fine steel in- 
struments. During the final stages of dissection of the peripheral zone and specially 
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of the inner core the dissecting instruments were driven by a pair of micromanip- 
ulators. 

Compression and division of the intracorpuscular nerve fibre were done with 
fine interchangeable steel hooks (H) of various shapes and sizes which were mounted 
on a micromanipulator. The nerve ending could be compressed successfully in cor- 
puscles whose peripheral zone had been removed, as well as in intact corpuscles, 
by advancing the hook towards the ending across the surrounding tissue. In the 
experiments in which the first intracorpuscular node of Ranvier was compressed, 
greatest clarity of observation was desired. The capsular structure was therefore 
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Fic. 1. Diagram of set-up. C, corpuscle; JT, non-myelinated nerve ending; and 
I, first node of Ranvier of sensory axon (N). Myelin drawn in heavy black; only 
the first two nodes are shown. S, glass stylus which transmits deflections of the crystal 
to the corpuscle. H, steel hook for compression of ending or node. P, lucite base. 


always removed until the immer core became exposed. Hereby most of the myelin- 
ated parts of the axon, including the first node which ordinarily lies inside the cor- 
puscle, also became exposed. Even under these conditions only a few corpuscles 
were found in which the first node of Ranvier could be seen im vivo with phase con- 
trast or darkfield illumination. In those cases in which we were reasonably certain 
to have localized the node, controls were made by marking the zone of compression 
with Fe ions from the hook. For this purpose the hook was left in the position of 
compression and was connected to the positive end of a direct current source. The 
arrangement allowed a given pre-set current to flow through the preparation inde- 
pendently of the latter’s resistance. This was important, since for successful mark- 
ing the quantity of electricity proved to be rather critical. Currents of 100 to 500 
pamps circulating for 5 sec. were employed. The preparation was then fixed and 
stained in osmic acid or paracarmine, and a potassium ferrocyanide solution. The 
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latter reacts with the Fe deposit of the preparation so that the marked zone be- 
comes distinguished in blue (Fig. 6). 

Degeneration of the sensory axons of mesenteric corpuscles was induced by bi- 
lateral removal of the celiac, superior, and inferior mesenteric ganglia of the ani- 
mal. The cats were usually injected with cortisone before and after the intervention 
n order to reduce shock. At various periods, varying from 3 to 72 hours after de- 


Fic. 2. Schematic representation of a transverse section through the central re- 
gion of an adult corpuscle (drawn according to electron micrograph data of Pease 
and Quilliam, 1957). N, non-myelinated nerve ending. C, inner core and P, periph- 
eral zone of the capsule. B, cell bodies of presumably mother cells of lamel- 
lae. (Thickness of inner core has been exaggerated.) 


nervation, the abdominal wound was reopened and a few corpuscles were taken 
out of the mesentery. This procedure was repeated several times so that the same 
cat usually provided corpuscles at various stages of nerve degeneration. The isola- 
tion, setting-up, and stimulation of the receptors were done as in the normal cor- 
puscle, 


RESULTS 


A. Mechano-Reception after Excision of Capsular Structure 


Removal of the Peripheral Zone.—Fig. 2 represents a transverse section 
across a Pacinian corpuscle of an adult cat. It shows the non-myelinated nerve 
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b 


Fic. 3. Mechano-responsiveness after removal of peripheral zone of capsule. Phas« 
contrast photomicrographs of three stages of dissection of a living unstained cor 
puscle. a, corpuscle intact, b, c, the same corpuscle after elimination of peripheral 
capsular zone. In ¢ only the inner core remained intact. The corresponding response 
patterns are shown below each stage of dissection. Two successive mechanical stim 
uli have been applied. The first produces an all-or-nothing potential; the second 
(subthreshold) causes solely a generator potential. Note that the mechano-respon 
siveness of the preparation remains unimpaired in spite of the removal in ¢ of mor« 
than 99 per cent of the sense organ’s structure. Calibration, 1 msec.; 25 pv. 


ending and its capsular surroundings. The latter are comprised of two struc 

turally different parts: the peripheral zone and the inner core of the capsule. 
The peripheral zone, which occupies by far most of the sense organ’s structure, 
is made up mainly of relatively loosely packed concentric lamellae arranged 
in a circular fashion. It had an average transverse diameter of 650 yw in the 
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corpuscles we selected for the present experiments. The inner core which en- 
closes the non-myelinated nerve ending consists of more compact concentric 
lamellae, arranged bilaterally (cf. Pease and Quilliam, 1957). It has an average 
diameter of 25 uw; the entire core structure plus the non-myelinated nerve 
ending amounts to ca. 0.01 per cent of the corpuscle’s mass. In the living 
corpuscle, the outlines of the inner core can be readily distinguished from the 
surrounding peripheral zone by transillumination or by epiillumination under 
a stereomicroscope. 

When the lamellae layers of the peripheral zone are progressively removed by 
dissection, the corpuscle’s ability to generate impulses in response to mechanical 
stimuli remains unimpaired (Fig. 3). The peripheral zone of the capsule can be 
completely eliminated leaving the inner core exposed. The resulting preparation, 
consisting of the nerve ending surrounded only by the thin inner core, is found 
to produce generator and propagated potentials upon mechanical stimulation. 
It is clear that the peripheral zone; 1.e., about 99.99 per cent of the sense organ’s 
structure is not required for mechano-reception. 

Partial Destruction of the Inner Core.—Furthermore mechano-reception also 
does not require the intactness of the inner core. The core structure can be 
punctured all over with a needle, or multiple incisions can be made into it, 
without the preparation losing its characteristics as a mechano-receptor, 
provided the nerve ending is not injured. We were unable to free the non- 
myelinated ending completely by stripping all of the core structure away; core 
and nerve seem to be intimately connected. But small pieces of core tissue could 
be excised, while the responsiveness of the preparation was being tested. The 
preparation continued in the same way to give generator and propagated po- 
tentials in response to mechanical stimuli (Fig. 4). 


B. Mechano-Reception after Nerve Degeneration 


Deformation of the corpuscle produces graded generator potentials. The 
latter’s magnitude is a function of the deformation. If the generator potential 
attains a certain critical height, it sets up a regenerative potential, which, 
under certain conditions, may propagate along the afferent axon. The chain of 
events which transduce mechanical stimuli into nerve impulses may be con- 
veniently summarized by the following scheme: 


1 2 3 4 
Deformation — generator potential — regenerative potential — propagated 
regenerative 
potential 


By far the greatest part of the end organ’s structure was found not to partake 
actively in any of the steps shown above. The site of origin of the generator 


potential in receptors of the axon-ending type has generally been thought to 
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be at the membrane of the non-myelinated nerve ending. This idea has a good 
morphological basis, but physiological proof for it has heretofore not been 
given. In the case of the Pacinian corpuscle, the evidence points to the nerve 
ending as the site of the generator potential (Diamond, Gray, and Sato, 1956; 
Loewenstein, 1958). The evidence is, however, indirect and the possibility of an 


. 


& 
ON 


Fic. 4. Mechano-responsiveness after partial destruction of immer core structure. 


A preparation consisting of nerve fiber and inner core, such as shown in Fig. 3c, 
is stimulated mechanically eliciting an all-or-nothing response on top of a distinct 
generator potential; a, before; 6, after resection of multiple fragments of inner core 
structure. Arrow on electric records signals moment of stimulus application. Cali 
bration, 1 msec. 


external source of generator potential located, for example, in the inner core 
structure cannot altogether be dismissed. The present finding that integrity of 
the core is not required for impulse generation provides alone no sufficient argu- 
ment for rejecting the core as a possible source; as will be shown further on, the 
corpuscle also remains mechano-receptive after partial destruction of the non- 
myelinated nerve ending. Furthermore there is a possibility of an intermediate 
process between link 1 and link 2 of the transducer chain; such an intermediate 
process may involve the core tissue. We hoped that a study of the behavior of 
denervated corpuscles would throw some light on this question. We aimed to 
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find out whether a graded potential could be detected after Wallerian degenera- 
tion of the sensory axon of the corpuscle. After 36 hours of nerve degeneration 
no corpuscle gave sign of electric activity when mechanically stimulated. In 
these experiments the mesenteric nerve supply was interrupted in situ, by bi- 
lateral extirpation of the celiac, superior, and inferior mesenteric ganglia. Cor- 
puscles were taken out of the animals at periods varying from 3 to 72 hours 
after nerve transection, and set up for recording of electrical responses to 
mechanical stimulation. Failure of mechano-reception, as revealed by total 
absence of generator potentials, was found to set in 24 to 36 hours after nerve 
transection. This may be compared to the time which elapses between severing 
of motor axon and onset of failure of transmission at the neuromuscular junc- 
tion of twitch skeletal musculature. A few corpuscles were denervated by cutting 
their nerve supply close to its entry into the corpuscle. Care was taken to avoid 
cutting the arteriole which usually runs along the nerve and enters together 
with it into the corpuscle. Circulation controls were made by injecting a vital 
dye (dibromocresol sulfonphthalein) into the corresponding artery. The cor- 
puscles with intact circulation thus became rapidly stained. The results were 
essentially similar to those obtained by extirpation of the ganglia. It would 
appear, therefore, that the generator potential is produced in nervous structure, 
and not in other tissues of the corpuscles. 

Dissociation of Mechano-Recepltion and Conduction.—It seemed of interest 
to find out whether the processes responsible for production of generator po- 
tentials, and those responsible for conduction of all-or-nothing potentials in 
the myelinated axon may become dissociated during Wallerian degeneration. 
For this purpose corpuscles were selected in which irresponsiveness to mechan- 
ical stimuli was found after transection of the mesenteric nerve supply. 
Their nerves were freed over a length of ca. 30 mm., and two electrodes 
placed near the central end of the nerve for antidromic stimulation. The 
recording conditions were unchanged. In some cases conduction of antidro- 
mic nerve impulses was clearly found in degenerating nerve fibres belong- 
ing to corpuscles which had already failed to respond to mechanical stimu- 
lation. This result points to a chronological dissociation between conduction 
and reception in the sense organ; failure of reception precedes failure of con- 
duction. This is the second time we are reminded of the neuromuscular junc- 
tion where failure of neuromuscular transmission occurs before failure of trans- 
mission of the degenerating motor axon. A similar observation has been made 
by Luco and Davidovich (personal communication) in muscle spindle receptors. 


C. Electric Activity afler Compression of Intracorpuscular Nerve Structure 

It is well known that conduction can be blocked by compressing the cor- 
responding nerve fibre. The effect is reversible if light pressures are employed. 
We applied blocking pressures to selected parts of the intracorpuscular nerve 
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fibre in order to localize the site of origin of the generator and regenerative 


potentials in Pacinian corpuscles. On the basis of previous work (Loewenstein 
and Altamirano-Orrego, 1958 a, b; Loewenstein, 1958) in which the generator 
was separated from the regenerative component during the refractory state of 
the latter, and in view of the results of Diamond, Gray, and Sato (1956), who 


nf 3 


Fic. 5. Abolition of all-or-nothing responses upon compression of the first node 
of Ranvier. a, two successive mechanical stimuli are applied to the corpuscle pro- 
ducing two all-or-nothing potentials. The lower beam signals the relative magni- 
tude of mechanical stimuli. The first potential is propagated. The second falls on 
the former’s refractory trail and is therefore smaller. As it falls short of the safety 
margin for saltatory transmission, it is blocked within the corpuscle. b, the same 
stimuli as before are again applied, while the first intracorpuscular node is being 
compressed, eliciting now only two generator potentials. The horizontal line across 
the node in the diagram indicates compression. c, response pattern after release olf 
pressure from node. Calibration, | msec; 25 pv. 


separated both components by anodal polarization of the intracorpuscular 
nerve fibre, we expected blockage of regenerative potentials to occur upon 
compression of the first node of Ranvier. 

Compression of the First Node of Ranvier.—F ig. 5 a shows the response pattern 
of a corpuscle resulting from two successively applied mechanical stimuli. The 
corpuscle has been stripped of most of its capsular tissue in order to expose the 
first node of Ranvier, thus allowing its direct visualization. Normally this node 
lies within the intact corpuscle (Quilliam and Sato, 1955). The stripping did not 
introduce any fundamental change in the responses, as compared with the re- 
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sponses when the capsule was still intact. The pattern consists of two regenera- 
tive potentials: the first propagates along the sensory extracorpuscular axon; 
the second, falling on the refractory trail of the first, is smaller, and dies inside 


[1 Ou $ 


6. Photomicrograph of the area of compression of the first (intracorpuscular) 
node of Ranvier. The zone of compression of the corpuscle of Fig. 5 was marked 
by Fe ions of the hook used for compression. See Methods for descriptive details. 
lhe non-myelinated nerve terminal begins at 7; it extends at this point into the 


Fic 


inner core of which only a fraction is shown. The second node lies outside the cor- 
puscle. 


the corpuscle. The second potential although not propagated is nevertheless an 
all-or-nothing response which aborts inside the corpuscle, presumably because 

falls short of the safety margin for saltatory transmission which has become 
nuch reduced during refractoriness (Loewenstein, 1958). When the region of the 
rst node is compressed, all sign of regenerative activity disappears. The two 
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all-or-nothing potentials of Fig. 5 @ are blocked and two graded potentials 
constitute the only response to mechanical stimulation (Fig. 5 6). These po- 
tentials may be safely regarded as generator potentials, since they show all the 
characteristics of such: their amplitude and rate of rise increase in a graded 
manner with increasing stimulus strength; they have a fixed latency, unrelated 
to stimulus strength; and they show a ‘“‘size’”’ and “‘time factor” of refractoriness 
(Loewenstein and Altamirano-Orrego, 1958 b). After releasing the pressure from 
the node the all-or-nothing potentials usually appear again, provided low pres- 
sures are employed (Fig. 5 c). 

Compression of the second node which commonly lies outside the intact 
corpuscle, or, in general, that of any nerve portion located centrally with re- 
spect to the first node, does not lead to abolition of regenerative potentials with 
the present method for recording (see Methods). 

These results reveal that the first regenerative potential is set up at the first 
intracorpuscular node of Ranvier. 

An interesting property of the non-myelinated nerve ending is also dis- 
closed by the above results. Since after compression of the first node of Ranvier 
the only response to mechanical stimuli, however strong they are, is a generator 
potential, it may be concluded that the membrane of the non-myelinated ending 
is incapable of producing an all-or-nothing type of potential when stimulated 
mechanically. 

The duration and character of the refractory state of generator and regen- 
erative potentials are quite dissimilar. Thus it has recently become possible to 
produce large generator-like potentials unaccompanied by the firing of re- 
generative potentials, by stimulating the corpuscle during the refractory 
period of the regenerative potential (Loewenstein and Altamirano-Orrego, 
1958 6). Although the generator-like potentials thus obtained had all the char- 
acteristics of those generator potentials which are produced by subthreshold 
stimulation, direct evidence for their identity was still lacking. For instance, 
the graded generator-like response may have been a special type of response 
of the refractory node (c.f. Grundfest, 1957 a). The present set-up provided 
us with a means for eliminating this possibility. Two mechanical stimuli were 
successively delivered to the corpuscle. The first produced a propagated re- 
generative response, the second, falling during the refractory period of the first 
regenerative potential, produced a generator-like response. The first node 
of Ranvier was then compressed and the same sequence of stimuli applied. 
The generator-like response remained unaltered, while the first regenerative 
potential was abolished. This eliminates the node as a site for the production 
of the generator-like response. 

We may therefore state with confidence that the generator-like potential! 
produced during the refractory period of the regenerative potential, and the 
generator potentia! elicited by subthreshold stimulation do both arise at the 
non-myelinated nerve terminal. Besides, since both potentials reveal the same 
properties, it seems safe to conclude that they are identical. 
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Compression of the Non-Myelinated Nerve Ending.—After the preceding 
results the non-myelinated ending was left as the only possible site at which a 
generator potential could be originated. In fact, when the nerve ending was 
ompressed along all of its length, no sign of generator potential whatsoever 
could be detected at any stimulus strength (Fig. 7 f). However, the integrity 
of the ending is not required for the production of generator potentials. Fig. 7 


Fic. 7. Mechano-responsiveness after compression of the non-myelinated nerve 
ending. A mechanical stimulus of constant subthreshold strength is applied to the 
core of a decapsulated corpuscle producing in a, c, and e a generator potential. Lower 
beam signals relative strength and duration of mechanical stimuli; upper beam, the 
electric activity of the receptor. The arrows (8) of the diagrams indicate the point of 
application of mechanical stimulus. The horizontal lines across the terminal (7) indi- 
cate the central boundary of compressed area. a, generator response of the intact nerve 
ending. b, after compression of a distal portion of ending. c, response after moving the 
stimulus application point beyond the compressed area. d, response after compres- 
sing a zone located centrally with regards to stimulus application. e, after central 
shift of stimulus application point. /, response after compression of entire length 
of ending. Calibration, 1 msec; 25 uv. 


illustrates an example. a shows the full generator potential of the intact end- 
ing in response to a given subthreshold mechanical stimulus. In 6 a distal 
portion of the nerve ending is compressed. The same stimulus as in a is then 
applied again at the same spot on the inner core as before. It has now become 
ineffective in eliciting a detectable generator potential. The intact central 
stump continues nevertheless to give generator potentials when stimulated 


mechanically. If the stimulating stylus is moved to another spot on the core, 


so that the same stimulus as in @ and 6 now falls onto a point located 
ntrally with respect to the compressed nerve area, a generator potential is 
gain recorded (c). The procedure can be repeated several times with essen- 
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tially the same results (b-/). By subdividing the nerve ending in this manne: 
into various segments (usually three) it is shown that even less than one-third 
of the total length of the ending is enough to set up a detectable generator 
response (e). 


A few technical comments on the preceding experiments seem necessary. It was 
desirable to keep the stimulus as low as possible, since effective spread of stimuli 
beyond the compressed area would have otherwise resulted with the use of greater 
stimuli. Therefore, preparations were chosen which gave relatively large generator 
potentials in response to small subthreshold stimuli. Even so, we feared at first that, 
as the stimulating stylus was moved from one spot to another along the core 
surface, the actual deformation inside the corpuscle, although resulting from exactly 
equal stylus deflections, might vary enough so as to mask eventual positive results. 
Fortunately the variations thus introduced turned out to be not critical, and clear 
results, like those illustrated in Fig. 7, were always obtained in decapsulated corpuscles. 
Less spread of mechanical stimuli invariably resulted in well decapsulated preparations 
presumably because the capsule structure acts as a distributing element of pressure 
Besides, the effects of compression. of the nerve ending were in some cases reversible; 
the application point of the stylus could then be changed repeatedly before and after 
nerve compression, without interfering with the respective appearance and disappear 
ance of the generator response. 


A striking demonstration of mechano-responsiveness of fragmented nerve 


“ee 


endings can be made in ‘“‘amputated”’ corpuscles. The corpuscle is cut through 


at right angles to its longitudinal axis, and the resulting portion is amputated 


(Fig. 8). The corpuscle’s central remains continue to produce generator -, and 
eventually also propagated potentials for some time. Deterioration then takes 
place, however, very rapidly. 20 to 70 sec. after amputation, all sign of electric 
activity in response to mechanical stimulation is gone. 

The sites at which the nerve terminal was compressed or cut were chosen 
without reference to any particular landmarks. No matter where the cut or 
compression was done, or how many were made, the intact remains of non- 
myelinated terminal in connection with the myelinated axon were always 
capable of giving detectable generator potentials upon mechanical stimulation. 
This suggests that the generator potential arises at membrane parts which are 
able to function independently of each other; and that these parts are scattered 
all over the non-myelinated nerve ending. The generator structure of the cor- 
puscle resembles thus that of the end-plate region of skeletal musculature in 
which sharply localized active membrane spots have been discovered (Fatt 
and Katz, 1952; del Castillo and Katz, 1956 6). That parts of the mechano- 
receptive structure of the corpuscle can be independently activated is further- 
more revealed by the type of experiment illustrated in Fig. 7 a-c: a weak me 
chanical stimulus elicits a generator potential only in that part of the myelinated 
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Fic. 8. Mechano-reception in a fragment of nerve ending. A suprathreshold me 
chanical stimulus produces a propagated potential on top of a distinct generator 
potential. a, in the intact corpuscle; ), in the amputated corpuscle after cutting off 
a distal piece of corpuscle which includes a stretch of non-myelinated ending of 
about one-fourth of the ending’s original length. Calibration 1 msec. Phase-con- 
trast photomicrographs of unstained preparations. The horizontal line across a is 
due to the composition of two successive photomicrographs; the image of the entire 
corpuscle was too large to fit into the photographic field. 
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ending which lies in the immediate vicinity of the point of application of the 
stimulus. This is clearest in preparations in which the peripheral zone has been 
completely removed; the generator response is then restricted to the part of 
the ending lying immediately below the point of application of the stimulus. 
A unit arrangement of the non-myelinated ending of Pacinian corpuscles 
has already been postulated on the basis of other experiments (Loewenstein, 
1958). Generator units of spontaneously fluctuating excitability were proposed 
to form part of the ending’s membrane. This hypothesis provides an explana 
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Fic. 9. The size factor of refractoriness after resection of capsule. Two successive 
mechanical stimuli are delivered to the corpuscle at constant interval. The second 
stimulus is held at constant strength while the first (S,) is increased in progressive 
steps. The relative height (G/Gm x 100) of the generator potential (G) in response 
to the second constant stimulus is plotted against the stimulus strength of S;. Gm 
has been arbitrarily chosen; it is the amplitude of generator potential in response 
to the second stimulus when the first stimulus happens to be at its lowest strength. 

-O, data from the intact corpuscle; @-@, data from the same corpuscle but after 
removal of peripheral capsular zone. 


tion for the spontaneous fluctuations in generator potential and in threshold; 
for the size factor of refractoriness (Loewenstein and Altamirano-Orrego, 
1958 6); for the summation of iterative generator potentials; and for the 
ability of the receptor to sustain over prolonged periods a high level of de- 
polarization when repetitively stimulated, in contradistinction to its inability 
to do so when single stimuli of indefinite duration are applied (Loewenstein, 


1958). 
D. The Time and Size Factors of Refractoriness of the Generator Potential after 
Removal of the Capsule 
A generator potential leaves a refractory state behind so that the amplitude 
of a subsequent generator potential falling on its refractory trail is directly re- 





W. R. LOEWENSTEIN AND R. RATHKAMP 1261 


lated to the time elapsed after the first (time factor of refractoriness), and in- 
versely to the amplitude of the first generator potential (size factor). The time 
and size factors of refractoriness are found in anesthetized (Gray and Sato, 
1953) as well as in unanesthetized corpuscles (Loewenstein and Altamirano- 
Orrego, 1958 6). The existence of a refractory state related to the magnitude 
of the potentials marks a striking difference between the refractory conditions 
of the regenerative and generator potential. It has been explained on the basis 
of spatial summation of generator units with fluctuating threshold scattered 
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Fic. 10. The time factor of refractoriness after resection of capsular tissue. Two 
successive mechanical stimuli are applied at varying intervals. The interval is 
plotted against the relative height (G/Gn xX 100) of the corresponding generator 
potential (G). Gn is the magnitude of the non-refractory generator potential. 0-O 
(left ordinates), data from an intact corpuscle. @-@ (right ordinates), data from 
the same corpuscle, but after removal of peripheral capsular zone. 


along the membrane of the non-myelinated nerve ending (Loewenstein, 1958). 
However, it may have been questioned whether the time and size factors were 
truly of nervous origin. The factors have been shown by letting a second me- 
chanical stimulus fall 1 to 7 msec. after a preceding one. If, for instance, the 
capsular tissue of the corpuscle were to behave so that, after deformation by the 
first stimulus, its recoil to rest position lags 1 to 7 msec. behind the off-deflec- 
tion of the stimulating stylus, a refractory-like condition could result. The pos- 
sibility thus existed that time and size factors were of mechanical origin. The 
decapsulated receptor preparation of the present work provided a suitable 
means for testing this possibility. If the refractory condition were really of 
mechanical origin, a progressive reduction of time and size factors should ensue 
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when the capsular tissue is progressively removed. Finally no refractory condi- 
tion at all is to be expected upon complete removal of the capsule. We com- 
pared the time and size factors at various stages of capsule removal. The time 
as well as the size factor was found to be present in the decapsulated receptor. 

In Fig. 9 an example is given. Two mechanical stimuli succeeding each other 
at a constant interval are delivered to the corpuscle. The first stimulus is pro- 
gressively increased; it produces a generator plus a regenerative potential. The 
second is held at constant strength, and, as it falls during the refractory period 
left by the first regenerative response, it elicits solely a generator potential. 
The relative magnitude of the second generator potential is plotted against 
strength of the first stimulus which in turn is a function of the resulting first 
generator potential. (For a detailed description of procedure see Loewenstein 
and Altamirano-Orrego, 1958 b.) The lower curve is from data of an intact 
corpuscle; the upper curve from a corpuscle from which the peripheral zone 
’ has been stripped off. It can be seen that the size factor persists after elimina- 
tion of the capsule. 

In the same corpuscle, and at the same stages of dissection as before, the time 
factor was studied. Two successive stimuli of constant strength were applied 
at progressively increasing intervals. The relative magnitude of the generator 
potential in response to the second stimulus was plotted against stimulus 
interval (Fig. 10). The time factor is found to be present after decapsulation. 

The corpuscle’s threshold rises after removal of its capsule. Larger stimuli 
had thus to be used in the decapsulated receptor than in the intact one. Each 
pair of curves serves therefore for qualitative comparison only, and neither 
the similarity of slopes of Fig. 9 nor the difference in slope of Fig. 10 is mean- 
ingful. The results merely reveal the existence of the time and size factors at 
any stage of dissection. They indicate that the generator potential has a re- 
fractory state of truly nervous origin. 


DISCUSSION 


Absence of production of regenerative potentials appears as the most striking 
property of the non-myelinated ending. From the present results it is clear 
that when the activity of the first intracorpuscular node is blocked by pressure, 
the only responses of the receptor ending to mechanical stimulation are finely 
graded potentials. This contrasts with the all-or-nothing responsiveness of the 
adjacent node. However, the possibility had to be considered that in the pro- 
cedure of compression of the node, pressure might have spread to the non- 
myelinated ending and thus have interfered with the possible production of 
regenerative potentials at the ending. Control experiments were therefore done 
to assess the extent of pressure spread. Pressure was applied to myelinated 
regions of the axon at varying distances from a node, and the maximal distance 
between node and application point of pressure at which blockage of the node’s 
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regenerative potentials occurs was measured. It was found to be 6 to 10 yu. 
The average distance between non-myelinated ending and first node (250 2) is 
well beyond the reach of spread. The absence of regenerative responses at the 
ending can therefore not be due to spread of pressure. Further evidence for the 
peculiar behavior of the ending comes from other experiments. When conduc- 
tion of the intracorpuscular fibre is blocked by anelectrotonus (Diamond, Gray, 
and Sato, 1956), or when block of conduction occurs during the refractory 
state of the regenerative potential (Loewenstein and Altamirano-Orrego, 
1958 6), the only responses which can then be elicited by mechanical stimula- 
tion of the receptor are finely graded potentials. The precise localization and 
the limits of the affected areas could not be assessed by these methods; it had 
to be assumed that the block occurred at the first node and that the nerve 
ending was left essentially unaffected by both anelectrotonus and refractori- 
ness. In view of the similarity with the present results, in which the blocked 
area could be precisely localized, it is now almost certain that the assumptions 
were correct. The non-myelinated nerve ending of the Pacinian corpuscle ap- 
pears to belong therefore to the group of excitable tissues such as the dendrites 
of crustacean stretch receptor nerve cells (Eyzaguirre and Kuffler, 1955) and 
the motor-end plate of twitch skeletal muscles (cf. del Castillo and Katz, 
1956 a) which gives no evidence of regenerative potentials. 

The present experiments do not preclude the possibility of inner core struc- 
tures participating in the transducer chain of mechano-reception. However, this 
seems unlikely, because it would involve such assumptions as an intermediate 
step(s) of, for instance, chemical nature, between deformation and generator 
potential; there is no evidence for a chemical mediator. The simplest interpre- 
tation of our results would seem to be that the entire mechano-electric trans- 
ducer lies in the membrane of the non-myelinated ending. This touches the 
question of receptor specificity. Nerve fibers far removed from special sense 
organs have been repeatedly reported to respond to mechanical stimulation 
(Tigerstedt, 1880; Schmitz and Schaefer, 1933; Blair, 1935; Aird and Pfaff- 
mann, 1947). It is also known that the excitability of a nerve fibre may increase 
when the fibre is submitted to a constant pressure (Grundfest, 1936). But the 
energy requirements for mechanical excitation of fibres are so large if compared 
with those of mechano-receptors, and the electric activity of node and ending 
so different, that it seems doubtful that the same initial mechanisms of excita- 
tion are involved. It appears more likely that the receptor structure of the 
sensory ending is arranged to react rather specifically with the “adequate” 
stimulus. 

Whatever the mechanisms of mechano-electric conversion may be, the pres- 
ent results show that most of the corpuscle’s non-nervous structure plays no 
active part in it. In the intact corpuscle the peripheral zone of the capsule may 
act as a system which mechanically transmits external deformations to the 
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transducer, presumably located at the non-myelinated nerve ending. Whether 
this is accomplished by stretching (Adrian and Umrath, 1929), by compression 
and decompression of the ending, or by both (cf. Gray and Sato, 1953) is not 
as yet clear. Besides, it seems likely that the capsule may normally work like 
a damping system which protects the nerve ending from excessive pressures. 
Under the present experimental conditions the isolated intact corpuscle usually 
withstood relatively rough handling without giving signs of dysfunction. Never 
was damage caused to an intact corpuscle as a consequence of pressure applied 
to it by the piezoelectric stimulator, even when the greatest available deflec- 
tions of the crystal (45 uw) were used for stimulation. On the other hand, the 
same maximal deflections would in general cause irreversible abolition of 
mechano-responsiveness, when the capsule had been removed. Pacinian cor- 
puscles are widely distributed over regions subjected to relatively high pres- 
sures, such as the joints, and the skin of the palms of hands and feet. The 
capsule may there provide an effective protection for the nerve fibre. 


We take pleasure in thanking Dr. S. W. Kuffler and Mr. G. Kerby for reading 
the manuscript, and Mr. A. Toutin-Olliver for technical assistance. 
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potential and on ion distribution of 
frog sartorius muscle, 879 
Enzymic dephosphorylation of pepsin 
and pepsinogen, 441 
Equilibrium, dynamic, calculation of 
transfer rates in two compartment 
systems not in, 1135 
Erythrocyte membrane, human, ex- 
change rate of tritiated water across, 
259 
Erythrocytes, glyoxalase activity, re- 
lationship of hydrogen peroxide to 
inhibition by x-radiation, 737 
—, human and dog, diffusion and 
permeation of cations in, 197 
—, human, entrance of water under 
osmotic pressure gradient, 
243 
— in vitro, effect of x-radiation on 
glutathione metabolism, 725 
Escherichia coli B infected with T2 
bacteriophage ghosts, metabolic 
studies, 1067 
Esters and proteins, simultaneous 
hydrolyses at saturation levels, 
485 
Eye, Limulus, spatial summation of 
inhibitory influences in, and mutual 
interaction of receptor units, 
1049 


FIBERS, nerve, invertebrate pe- 
ripheral, water transport in, 
927 
of dorsal root 
origin, postspike positivity, 


—, unmedullated, 


613 

Fibroblasts, rabbit, strain RM3-56, 
amino acid requirements, 91 

Fish, swim-bladder, secretion of inert 

gas into, 783 

Flexor reflex, input-output relation, > 
29 

Freezing point depression of mam- 

malian tissues after sudden heating 

in boiling distilled water, 1153 


AS, inert, secretion into fish swim- 
bladder, 783 
Gastric acid secretion and electro- 
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motive chloride transport in frog, 
1035 
Gastric mucosa, frog, chloride trans- 
port in, 101 
Generator processes of repetitive ac- 
tivity in Pacinian corpuscle, 
825 
— and propagated potentials in 
Pacinian corpuscle, refractory state, 
805 


Geniculate nucleus, lateral, cat, analy- 
sis of extracellular potentials from 
single neurons in, 543 

Glutathione metabolism of erythro- 
cytes in vitro, effect of x-radiation, 

725 

Glyoxalase activity of erythrocytes, 
relationship of hydrogen peroxide 
to inhibition by x-radiation, 

737 

Growth and growth control, model of, 
in mathematical terms, 1 

— and survival, prolonged, of ovarian 
tissue of promethea moth, Cal- 
losamia promethea in vitro, 

1027 


—., tip, in plant cell, topography, 
913 


HAEMOPHILUS influenzae, ultra- 
violet-inactivated transforming 
factor, photoreactivation in vitro, 
451 
Heart muscle, propagated repolariza- 
tion in, 633 
Heating, sudden, in boiling distilled 
water, freezing point depression of 
mammalian tissues after, 
1153 
Hemolysin, radioactive, sodium eru- 
cate-I', zone phenomenon and 
progressive reaction occurring with, 
651 
—, radioactive, sodium oleate-I'*, 
progressive reaction occurring with, 


Hemophilus influenzae. See Haemo- 
philus influenzae. 

Honeybees and cockroaches, electro- 
physiological study of spectral 
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sensitivities of dorsal ocelli, 

1171 
Hydrogen peroxide production by 
high oxygen pressures, 989 
— peroxide, relationship to inhibition 
of glyoxalase activity of intact 
erythrocytes by x-radiation, 
; 737 
Hydrolyses, simultaneous, of esters 

and proteins at saturation levels, 
485 


LEUM, rats, ion and water fluxes 
in, 143 
Illumination, effect on electrical con- 
ductance of rhodopsin solutions, 
857 
Injection, intraperitoneal, irradiated 
calcium, disposition in suckling 
rats, 767 
Intraperitoneally injected irradiated 
calcium, disposition in suckling rats, 
767 
Invertebrate peripheral nerve fibers, 
water transport in, 927 
Iodine™!-sodium erucate, radioactive 
hemolysin, zone phenomenon and 
progressive reaction occurring with, 
651 
Iodine™'-sodium oleate, radioactive 
hemolysin, progressive reaction oc- 
curring with, 609 
Ion distribution and resting potential 
of frog sartorius muscle, effect of 
enzyme inhibitors, 879 
— transport and oxygen consumption 
in isolated frog skin, effects of 
metabolic inhibitors and drugs, 
397 
— and water fluxes in ileum of rats, 
143 
Ionic movements accompanying ac- 
tivity in frog nerves, effects of 
potassium, sodium, and azide, 
1187 
Ions, air, action on bacteria, protec- 
tive and lethal effects on staphylo- 
cocci suspensions in droplets, 
359 
—, external, effects on membrane 
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potentials of lobster giant axon, 
529 
Ions, inorganic divalent, renal tubular 
transport by aglomerular marine 
teleost, Lophius americanus, 
429 
—, magnesium and manganese, active 
transport into yeast cell, 585 
—, magnesium and manganese, par- 
ticipation of phosphate in carrier 
formation for transport into yeast 
cells, 1019 
—, potassium, in frog muscle, per- 
meation and diffusion, 169 
Irradiated calcium, intraperitoneally 
injected, disposition in suckling 
rats, 767 


IDNEY cortical tissue, rat, factors 
influencing im vitro uptake and 
loss of radiosulfate, 49 
— tubular transport of inorganic 
divalent ions by aglomerular marine 

teleost, Lophius americanus, 
429 


LIG8!, blue, and regeneration of 


human rhodopsin in situ, 419 
—, ultraviolet, far- and near-, and 
visible light, and x-radiation, re- 
sponse of potassium retentivity and 
survival of yeast to, 693 
Light-induced efficiency and pigment 
alterations in red algae, 
1113 
Limulus, eye, spatial summation of 
inhibitory influences in, and mutual 
interaction of receptor units, 
1049 
Liver cell nuclei, properties and en- 
zymatic degradation of deoxyribo- 
nucleoprotein from, 595 
—, regenerating, xanthine oxidase ac- 
tivity in, 233 
Livers, rat, incorporation and release 
of amino acids in particulate prepa- 
rations from, 219 
Lobster giant axon, effects of external 
ions on membrane potentials, 
529 
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Lophius americanus, renal tubular 
transport of inorganic divalent ions 
by, 429 

Lysis from without of Staphylococcus 
aureus K, by combined bacteri- 
ophage and virolysin action, 

343 


AGNESIUM cations and manga- 
nese cations, active transport 
into yeast cell, 585 
— cations and manganese cations, par- 
ticipation of phosphate in carrier 
formation for transport into yeast 
cells, 1019 
Mammalian tissues, freezing point de- 
pression after sudden heating in 
boiling distilled water, 1153 
Man, blue light and regeneration of 
rhodopsin, im sit, 419 
— and dog, erythrocytes, diffusion 
and permeation of cations in, 
197 
—, red cell membrane, exchange rate 
of tritiated water across, 259 
—, red cells, water entrance under 
osmotic pressure gradient, 
243 
Manganese cations and magnesium 
cations, active transport into yeast 
cell, 585 
— cations and magnesium cations, 
participation of phosphate in car- 
rier formation for transport into 
yeast cells, 1019 
Marine alga, red, Porphyra perforata, 
sodium exclusion and potassium re- 
tention, 901 
— teleost, Lophius americanus, aglo- 
merular, renal tubular transport of 
inorganic divalent ions by, 
429 
Mathematical terms, model of growth 
and growth control, 
Membrane, human red cell, exchange 
rate of tritiated water across, 
259 
— potentials of lobster giant axon, 
effects of external ions, 529 
Metabolic inhibitors and drugs, effects 
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on ion transport and oxygen con- 
sumption in isolated frog skin, 
397 
Metabolic studies of Escherichia coli B 
infected with T2 bacteriophage 
ghosts, 1067 
Metabolism, glutathione, of erythro- 
cytes in vitro, effect of x-radiation, 
725 
—, respiratory, of normal and di- 
visionless strains of Candida al- 
bicans, 703 
—, structure, and permeability of 
Streptococcus pyogenes cell, effect of 
trypsin and cationic detergent, 


Microrespirometer, 
fied, 

Mold, slime, Physarum polycephalum, 
statistical analysis of electric po- 
tential rhythm in_ protoplasmic 
streaming, 1205 

—, slime, Physarum polycephalum, 
theoretical treatment of electric 
potential rhythm in protoplasmic 
streaming, 1223 

Moth, promethea, Callosamia pro- 
methea, prolonged growth and 
survival of ovarian tissue in vitro, 

1027 

Mucosa, gastric, frog, chloride trans- 
port in, 101 

Muscle, amphibian, distribution of in- 
organic phosphate, 755 

—, frog, permeation and diffusion of 
potassium ions, 169 

—, heart, propagated repolarization 
in, 633 

—, sartorius, frog, effect of enzyme 
inhibitors on resting potential and 
on ion distribution, 879 

Muscles, twitch, frog, activating, 
effectiveness of longitudinal field, 
coupled with depolarization in, 

1083 

Mutant, carotenoidless, of Rhodopseu- 
domonas spheroides, endogenous 
photosensitization, 1099 

Mutants, proportion in bacterial 
cultures, 119 


capillary, modi- 
669 
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Mutants, terramycin-resistant, pro- 
portion in Bacillus megatherium cul- 
tures, 131 


ERVE fibers, invertebrate pe- 
ripheral, water transport in, 

927 

—, optic, statistical analyzer for mes- 

sages, 675 

Nerves, frog, effects of potassium, 

sodium, and azide on ionic move- 

ments accompanying activity in, 


—, sciatic, frog, effects of azide and 
chloretone on sodium and potassium 
contents and respiration, 959 

Neurons, single, in cat lateral genicu- 
late nucleus, analysis of extracel- 
lular potentials, 543 

Nitella, electroosmosis in, 383 

Nuclei, liver cell, properties and 
enzymatic degradation of deoxy- 
ribonucleoprotein from, 595 

Nucleoprotein, deoxyribo-, from liver 
cell nuclei, properties and enzymatic 
degradation, 595 

Nucleus, cat lateral geniculate, analy- 
sis of extracellular potentials from 
single neurons in, 543 


CELLI, dorsal, of cockroaches and 

honeybees, _ electrophysiological 
study of spectral sensitivities, 

1171 

statistical 

675 

383 


water 


Optic nerve 
analyzer for, 
Osmosis, electro-, in Nitella, 
Osmotic pressure gradient, 
entrance into human red cells 
under, 243 
Ovarian tissue of promethea moth, 
Callosamia promethea, prolonged 
growth and survival in vitro, 


messages, 


1027 

Oxidase activity, xanthine, in re- 

generating liver, 233 

Oxygen consumption and ion trans- 

port in isolated frog skin, effects of 
metabolic inhibitors and drugs, 

397 
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Oxygen pressures, high, production of 
hydrogen peroxide by, 989 
— supply and effects of drugs in 
transmission in squid giant syn- 
apses, 473 


PACINIAN corpuscle, facilitation 
by previous activity in, 847 

— corpuscle, generator processes of 
repetitive activity in, 825 
—  corpuscle, refractory state of 
generator and propagated poten- 
tials in, 805 
_ corpuscle, sites for mechano-elec- 
tric conversion in, 1245 
Pepsin and pepsinogen, enzymic de- 
phosphorylation, 441 
Pepsinogen and pepsin, enzymic de- 
phosphorylation, 441 


Permeability, structure, and metabo- 
lism of Streptococcus pyogenes cell, 
effect of trypsin and cationic deter- 
gent, 63 

Permeation and diffusion of cations in 
human and dog erythrocytes, 


197 
— and diffusion of potassium ions in 
frog muscle, 169 
Peroxide, hydrogen, production by 
high oxygen pressures, 989 
—, hydrogen, relationship to inhibi- 
tion of glyoxalase activity of ery- 
throcytes by x-radiation, 737 
Phage. See Bacteriophage. 
Phosphate, inorganic, in amphibian 
muscle, distribution, 755 
— participation in carrier formation 
for transport of magnesium cations 
and manganese cations into yeast 
cells, 1019 
Photoreactivation in vitro of ultra- 
violet-inactivated Haemophilus in- 
fluenzae transforming factor, 
451 
Photosensitization, endogenous, in 
carotenoidless mutant of Rhodo- 
pseudomonas spheroides, 1099 
Phycobilins from Porphyra naiadum, 
properties, 77 
Physarum polycephalum, statistical 
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analysis of electric potential 
rhythm in protoplasmic streaming, 
1205 

Physarum polycephalum, theoretical 
treatment of electric potential 
rhythm in protoplasmic streaming, 

1223 

Pigment alterations and light-induced 
efficiency in red algae, 1113 

Plant cell, topography of tip growth, 

913 

Porphyra naiadum, properties of 
phycobilins from, 77 

— perforata, red marine alga, sodium 
exclusion and potassium retention, 

901 

Potassium ions in frog muscle, per- 
meation and diffusion, 169 

— retention and sodium exclusion by 
red marine alga, Porphyra = 
forata, 

— retentivity and yeast ‘ile re- 
sponse to far-ultraviolet, near-ultra- 
violet and visible, and x-radiation, 

693 

—, sodium, and azide, effects on ionic 
movements accompanying activity 
in frog nerves, 1187 

— and sodium contents and respira- 
tion of frog sciatic nerves, effects of 
azide and chloretone, 959 

— and sodium movements in Ehrlich 
mouse ascites tumor cell, 565 

—, temperature, and sodium, effect 
on conductance change accompany- 
ing action potential in squid giant 
axon, 333 

Potential, action, in squid giant axon, 
effect of temperature, potassium, 
and sodium on conductance change 
accompanying, 333 

—, resting, and ion distribution of 
frog sartorius muscle, effect of 
enzyme inhibitors, 879 

— rhythm, electric, in protoplasmic 
streaming of slime mold, Physarum 
polycephalum, statistical analysis, 

1205 

— rhythm, electric, in protoplasmic 

streaming of slime mold, Physarum 








polycephalum, theoretical  treat- 


ment, 1223 
Potential, synaptic, in crayfish motor 
giant axon, 1119 


Potentials, extracellular, from single 
neurons in cat lateral geniculate 


nucleus, analysis, 543 
—, membrane, of lobster giant axon, 
effects of external ions, 529 


—, propagated, and generator, in 
Pacinian corpuscle, refractory state, 
805 

Potentiation, early post-tetanic, and 
low frequency depression of some 
group I reflex actions, 1005 
Pressure gradient, osmotic, entrance 
of water into human red cells 


under, 243 
Pressures, high oxygen, production of 
hydrogen peroxide by, 989 


Promethea moth, Callosamia pro- 
methea, prolonged growth and 
survival of ovarian tissue in vitro, 


1027 
Protein coats or ghosts of coliphage 
T2, biological functions, 307 


— coats or ghosts of coliphage T2, 
metabolic studies of Escherichia 
coli B infected with T2 bacteri- 
ophage ghosts, 1067 

— synthesis in vitro, incorporation 
and release of amino acids in par- 
ticulate preparations from rat 
livers, 219 

Proteins and esters, simultaneous hy- 
drolyses at saturation levels, 

485 

Protoplasmic streaming of slime mold, 
Physarum polycephalum, statistical 
analysis of electric potential 
rhythm, 1205 

— streaming of slime mold, Physarum 
polycephalum, theoretical treatment 
of electric potential rhythm, 

1223 


RADIOACTIVE hemolysin, sodium 
erucate-I", zone phenomenon and 
progressive reaction occurring with, 
651 
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Radioactive hemolysin, sodium ole- 
ate-I™, progressive reaction occur- 
ring with, 609 

Radiosulfate uptake and loss by rat 
renal cortical tissue in vitro, factors 
influencing, 49 

Receptor units in Limulus eye, 
mutual interaction and spatial sum- 
mation of inhibitory influences, 

1049 

Reflex actions, group I, early post- 
tetanic potentiation and low fre- 
quency depression of, 1005 

—, flexor, input-output relation, 

297 

Renal. See Kidney. 

Repolarization, propagated, in heart 
muscle, 633 

Resistant, terramycin-, mutants, 
proportion in Bacillus megatherium 
cultures, 131 

Respiration and sodium and potassium 
contents of frog sciatic nerves, 
effects of azide and chloretone, 

959 

Respiratory metabolism of normal 
and divisionless strains of Candida 
albicans, 703 

Respirometer, micro-, capillary, modi- 
fied, 669 

Rhodopseudomonas spheroides, endoge- 
nous photosensitization in ca- 


rotenoidless mutant, 1099 
Rhodopsin, human, blue light and re- 
generation in situ, 419 
— solutions, effect of illumination on 
electrical conductance, 857 
— system of squid, 501 


Ribonucleoprotein, deoxy-, from 
liver cell nuclei, properties and 
enzymatic degradation, 595 

Roentgen rays, effect on glutathione 
metabolism of erythrocytes in 
vitro, 725 

— rays, relationship of hydrogen 
peroxide to inhibition of glyoxalase 
activity of erythrocytes by, 

737 

— rays, response of potassium re- 

tentivity and yeast survival to far- 
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ultraviolet, near-ultraviolet and 
visible, and, 693 
Root origin, dorsal, postspike posi- 

tivity of unmedullated fibers of, 
613 


GARTORIUS muscle, frog, effect of 
enzyme inhibitors on _ resting 
potential and on ion distribution, 
879 

Sciatic nerves, frog, effects of azide 
and chloretone on sodium and po- 
tassium contents and respiration, 
959 

Secretion, gastric acid, and electro- 
motive chloride transport in frog, 
1035 

— of inert gas into fish swim-bladder, 
783 

Sensitivities, spectral, of dorsal ocelli 
of cockroaches and _ honeybees, 
electrophysiological study, 1171 
Skin cholinesterase, frog, characteriza- 
tion and localization, 1129 


—, frog, isolated, effects of metabolic 
inhibitors and drugs on ion trans- 
port and oxygen consumption in, 


397 

Slime mold, Physarum polycephalum, 
statistical analysis of electric po- 
tential rhythm in _ protoplasmic 
streaming, 1205 
— mold, Physarum polycephalum, 
theoretical treatment of electric po- 
tential rhythm in protoplasmic 
streaming, 1223 
Sodium erucate-I™, radioactive hemo- 
lysin, zone phenomenon and pro- 
gressive reaction occurring with, 
651 

— exclusion and potassium retention 
by red marine ilga, Porphyra per- 
forata, 901 
— oleate-I™, radioactive hemolysin, 
progressive reaction occurring with, 


—, potassium, and azide, effects on 
ionic movements accompanying ac- 
tivity in frog nerves, 1187 

— and potassium contents and 
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respiration of frog sciatic nerves, 
effects of azide and chloretone, 
959 
Sodium and potassium movements in 
Ehrlich mouse ascites tumor cell, 
565 
—, temperature, and potassium, effect 
on conductance change accompany- 
ing action potential in squid giant 
axon, 333 
— transport, active, by isolated toad 
bladder, 657 
Solutions, rhodopsin, effect of il- 
lumination on electrical conduct- 
ance, 857 
Spatial summation of inhibitory in- 
fluences in Limulus eye and mutual 
interaction of receptor units, 
1049 
Spectral sensitivities of dorsal ocelli 
of cockroaches and _ honeybees, 
electrophysiological study, 
1171 
Squid giant axon, effect of tempera- 
ture, potassium, and sodium on 
conductance change accompanying 
action potential in, 333 
— giant synapses, importance of oxy- 
gen supply and effects of drugs in 
transmission in, 473 
—, rhodopsin system, 501 
Staphylococci suspensions in droplets, 
protective and lethal effects of air 
ions, 359 
Staphylococcus aureus Ky, lysis from 
without by combined bacteriophage 
and virolysin action, 343 
Statistical analysis of electric po- 
tential rhythm in protoplasmic 
streaming of slime mold, Physarum 
polycephalum, 1205 
— analyzer for optic nerve messages, 
675 
Streptococcus pyogenes cell, structure, 
permeability, and metabolism, ef- 
fect of trypsin and cationic de- 
tergent, 63 
Sulfate, radio-, factors influencing 
in vitro uptake and loss by rat renal 
cortical tissue, 49 
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Swim-bladder, fish, secretion of inert 
gas into, 783 
Synapses, squid giant, importance of 
oxygen supply and effects of drugs 
in transmission in, 473 
Synaptic potential in crayfish motor 
giant axon, 1119 


‘T ELEOsT, marine, Lophius ameri- 
canus, aglomerular, renal tubular 
transport of inorganic divalent ions 
by, 429 
Temperature, potassium, and sodium, 
effect on conductance change ac- 
companying action potential in 
squid giant axon, 333 
Terramycin-resistant mutants, pro- 
portion in Bacillus megatherium 
cultures, 131 
Tip growth in plant cell, topography, 
913 
Tissue, ovarian, of promethea moth, 
Callosamia promethea, prolonged 
growth and survival in viiro, 
1027 
—, renal cortical, rat, factors in- 
fluencing in vitro uptake and loss 
of radiosulfate, 49 
Tissues, mammalian, freezing point 
depression after sudden heating in 
boiling distilled water, 1153 
Toad bladder, isolated, active sodium 
transport by, 657 
Topography of tip growth in plant 
cell, 913 
Transfer rates, calculation in two 
compartment systems not in dy- 
namic equilibrium, 1135 
Transmission in squid giant synapses, 
importance of oxygen supply and 
effects of drugs, 473 
Transport, active, of magnesium cat- 
ions and manganese cations into 
yeast cell, 585 
—, chloride, electromotive, and gastric 
acid secretion in frog, 1035 
—, chloride, in frog gastric mucosa, 
101 
—, ion, and oxygen consumption in 
isolated frog skin, effects of meta- 
bolic inhibitors and drugs, 397 





Transport of magnesium cations and 
manganese cations into yeast cells, 
participation of phosphate in car- 
rier formation for, 1019 

—, renal tubular, of inorganic di- 
valent ions by aglomerular marine 
teleost, Lophius americanus, 

429 

—, sodium, active, by isolated toad 
bladder, 657 

—, uphill, induced by counterflow, 

289 

—, water, in invertebrate peripheral 
nerve fibers, 927 

Tritiated water, exchange rate across 
human red cell membrane, 259 

Trypsin and cationic detergent, effect 
on structure, permeability, and 
metabolism of Streptococcus pyo- 
genes cell, 63 

Tubular transport, renal, of inorganic 
divalent ions by aglomerular marine 
teleost, Lophius americanus, 

429 

Tumor cell, Ehrlich mouse ascites, 
potassium and sodium movements 
in, 565 


ULTRAVIOLET light, far- and 
near-, and visible light, and 
x-radiation, response of potassium 
retentivity and yeast survival to, 
693 

Ultraviolet-inactivated Haemophilus 
influenzae transforming factor, 
photoreactivation in vitro, 451 


V IROLYSIN and bacteriophage, 
lysis from without of Staphylo- 
coccus aureus K, by combined ac- 
tion, 343 


WATER, distilled, boiling, freez- 
ing point depression of mam- 
malian tissues after sudden heating 
in, 1153 
— entrance into human red cells under 
osmotic pressure gradient, 243 
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Water and ion fluxes in ileum of rats, 
143 

— transport in invertebrate peripheral 
nerve fibers, 927 
—, tritiated, exchange rate across 
human red cell membrane, 259 


XANTHINE oxidase activity in 
regenerating liver, 
X-rays. See Roentgen rays. 
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EAST cell, active transport of 
magnesium cations and man- 
ganese cations into, 585 
— cells, participation of phosphate 
in carrier formation for transport 
of magnesium cations and man- 
ganese cations into, 1019 
— survival and potassium retentivity, 
response to far-ultraviolet, near- 
ultraviolet and visible, and x- 
radiation, 693 
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